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Advancing Mycotoxin Detection in Food and Feed: Novel
Insights from Surface-Enhanced Raman Spectroscopy

(SERS)

Natasha Logan,* Cuong Cao, Stephan Freitag, Simon A. Haughey, Rudolf Krska,

and Christopher T. Elliott

The implementation of low-cost and rapid technologies for the on-site
detection of mycotoxin-contaminated crops is a promising solution to address
the growing concerns of the agri-food industry. Recently, there have been
significant developments in surface-enhanced Raman spectroscopy (SERS) for
the direct detection of mycotoxins in food and feed. This review provides an
overview of the most recent advancements in the utilization of SERS through
the successful fabrication of novel nanostructured materials. Various
bottom-up and top-down approaches have demonstrated their potential in
improving sensitivity, while many applications exploit the immobilization of
recognition elements and molecular imprinted polymers (MIPs) to enhance
specificity and reproducibility in complex matrices. Therefore, the design and
fabrication of nanomaterials is of utmost importance and are presented
herein. This paper uncovers that limited studies establish detection limits or
conduct validation using naturally contaminated samples. One decade on,
SERS is still lacking significant progress and there is a disconnect between the
technology, the European regulatory limits, and the intended end-user.
Ongoing challenges and potential solutions are discussed including
nanofabrication, molecular binders, and data analytics. Recommendations to
assay design, portability, and substrate stability are made to help improve the

1. Introduction

Mycotoxins are toxic secondary metabo-
lites mainly produced by filamentous fungi,
commonly referred to as molds. Toxigenic
molds are known to produce one or more
toxic secondary metabolites, however it is
well known that not all molds are toxi-
genic and not all secondary metabolites
from molds are toxic!!! More than 300 differ-
ent mycotoxins have been discovered, how-
ever, those found in food are mainly syn-
thesized by fungi of the genera Aspergillus,
Fusarium, Penicillium, Claviceps, Alternari
or Monascus (only citrinin).??] Currently,
aflatoxins (AFs), deoxynivalenol (DON), T-
2 toxin (T-2), HT-2 toxin (HT-2), zear-
alenone (referred to as ZEN or ZEA), fu-
monisins (FMBs), ochratoxin A (OTA), er-
got alkaloids (EAs), patulin (PAT), and cit-
rinin (CIT) are considered the mycotoxins
of greatest importance from a food safety
and regulatory perspective.! These nat-

potential and feasibility of SERS for future on-site agri-food applications.

urally occurring compounds contaminate
agricultural commodities including cereals,
dried fruits, and nuts, and their level of
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mycotoxin contamination is relative to both regional and
climatic conditions.>®! A recent global report on mycotoxin
occurrence in grains and animal feed revealed that, in Northern
temperate regions with humid and cool conditions for example,
Europe and North America, the presence of trichothecenes (e.g.,
DON, T-2, and HT-2) are most common, followed by FMBs and
ZEN, while the level of OTA and AFs are still relatively low.[”!
However, higher levels of AFs and FMBs are more likely to be
found in tropical and subtropical regions, such as Southeast Asia
and Africa.l’]

Climate change will greatly influence global mycotoxin occur-
rence, whilst also encouraging the emergence of new toxins. Cal-
culations by the University of Exeter in the United Kingdom (UK)
show that pathogenic microorganisms have been migrating to-
ward the polar ice caps at a rate of several kilometers per year
since 1960.18) This also includes crop pests and fungi includ-
ing Aspergillus, which form AFs. These carcinogenic mycotoxins
have commonly been a health concern within southern Europe,
Africa, and Southeast Asia but will become problematic for Cen-
tral Europe in the near future.’) A recent report by EFSA in 2020,
highlighted that climate change will increase the presence of AFs
from low to moderate in food from Europe particularly France,
Italy, and Romania and should be monitored continuously.!l'%!!]
These climatic events have already been witnessed in Serbia at
the beginning of 2013, which became known as the Serbian
maize scandal due to unprecedentedly high aflatoxin B, (AFB,)
concentrations, caused by extremely low precipitation combined
with high temperatures.['?] These types of events and outbreaks
will become more apparent in the future as the planet continues
to warm.

Exposure to mycotoxins can lead to reduced productivity, fer-
tility issues, reduced metabolic activities, reduced feed intake,
and stunted growth in animals. Whilst exposure in humans can
lead to numerous health issues including liver cancer, estro-
genic problems, reduced immunity, and kidney problems.['3] Ac-
cording to the Food and Agriculture Organization of the United
Nations (FAO), an estimated 25% of grain worldwide is con-
taminated with mycotoxins.['*l However, this figure may greatly
underestimate the number of mycotoxin contamination occur-
rences found above detectable levels. As reported by Eskola et al.,
the true value is more likely to be ~#60-80% due to the improved
sensitivity of analytical techniques and the impact of climate
change.*] The Rapid Alert System for Food and Feed (RASFF)
also reports an annual loss of ~1 billion metric tons of food and
food products as a direct result.’®! Since mycotoxins are om-
nipresent, strict contamination limits for regulated mycotoxins,
adequate surveillance, and frequent checks are crucial to ensure
the quality and safety of food and feed. To meet these require-
ments, industry, food and feed manufacturers, and researchers
in the field are continuously faced with the evolution of regula-
tions both at a European and national level.['®]

Despite decades of research, the rapid and on-site determi-
nation of mycotoxins in food and feed crops remains a chal-
lenge. Moreover, constant monitoring of regulated and espe-
cially carcinogenic mycotoxins is more important than ever con-
sidering the effects of climate change and globalization. The
main technological challenge for the in-field testing of mycotox-
ins is that for many years analytical techniques, including thin-
layer chromatography (TLC) and high-performance TLC, high-
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performance liquid chromatography (HPLC) coupled with fluo-
rescence, ultraviolet (UV) or diode array detectors, liquid chro-
matography (LC), gas chromatography coupled with electron cap-
ture, flame ionization, or mass spectrometry (MS) detectors have
dominated.['”18] More recently, liquid chromatography-tandem
mass spectrometric (LC-MS/MS) methods have become the gold-
standard and gained much attention for the quantification of
multiple mycotoxins simultaneously within various food and
feed matrices.['*2%] Whilst these techniques are highly sensitive
and accurate, they are not applicable outside of the laboratory and
require highly skilled operators and expensive instrumentation.
Immunoassay-based, DNA-based, and biosensor-based tech-
niques have also been applied to detect mycotoxins and have been
reviewed previously.?! In the real world, immunological tests
and confirmatory analysis both play a crucial role in routine test-
ing, however, they do also come with drawbacks from an industry
perspective. The reliability of some immunological tests is often
questionable due to antibody cross reactivity and matrix interfer-
ences, particularly when determining low-levels of multiple ana-
lytes in complex matrices.??] Additionally, some level of expertise
in terms of sample preparation and equipment including pipettes
are required, which may not be considered as “field-deployable”
depending on the end-user. On the other hand, the sophisticated
instrumentation and laboratory environment required for con-
firmatory analysis leads to high analysis costs per sample and
lengthy turnaround times due to complex procedures (i.e., sam-
pling, extraction, clean-up, and analysis). As a result, samples are
often held in storage for significant periods, which can result in
distribution delays and increased risk of further contamination,
due to prolonged exposure with the natural environment. There-
fore, the development and incorporation of screening techniques
to help eliminate these financial and safety concerns is a crucial
requirement. To tackle the challenge moving forward, relying on
rapid but inconsistent immunological tests or accurate but ex-
pensive and time-consuming confirmatory analysis will not be a
sufficient solution for the fast-paced global food supply chain.
Spectroscopy-based techniques, particularly infrared (IR)
methods, have shown their potential and applicability for the
rapid, routine screening of mycotoxins in food crops.[*! In re-
cent years, IR techniques have been applied to various food ma-
trices including, rice,[**! maize,[ corn,!?>%¢! wheat,!?’] raisins,??]
and peanut 0il.?°! During the years 2010 to 2023, spectroscopy
techniques including, near-infrared (NIR),[>**%3! mid-infrared
(MIR),[282932-34] Raman spectroscopy,®®! surface-enhanced Ra-
man spectroscopy (SERS),3® UV-fluorescence,?’! and hyper-
spectral imaging (HSI) (including shortwave-IR, visible to near
infrared, and UV-fluorescence)2®2737] have been reported.
Despite the increase in SERS-based approaches over the past
decade, the trend analysis graph would suggest that MIR spec-
troscopy still heavily dominates the research area (Figure 1). A
further search into the literature highlighted that, of those publi-
cations that mentioned MIR, 31% of these also mentioned porta-
bility, compared to only 13% of published SERS papers. However,
this is difficult to accurately measure as some of the earlier dated
publications may have considered compact instruments or those
which could be moved out of the laboratory as portable. Nonethe-
less many of these instruments still required bulky parts, nu-
merous components, hardware, controlled environments or had
to be dismantled and reassembled at the point of need. Due to
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Figure 1. Trend analysis obtained using keyword search in Scopus database between the years 2010 to 2023 (as of April 2023). Number of publications
published per year for mycotoxin determination using different infrared (IR), scattering, and imaging spectroscopy techniques. (N.B.: trend values are
prior to full text screening and are based on the number of mentions only. SERS papers were full text screened for eligibility and readers are referred to
the publication by Freitag et al.,[?3] for a comprehensive review of IR and imaging techniques for mycotoxin determination).

extensive technological advances to hardware, software design,
and miniaturization of spectroscopic devices, it is therefore diffi-
cult to class these earlier technologies as “portable” in the same
way as handheld spectrometers today.*®] As a result of these ad-
vancements, various areas of the food industry (i.e., food and feed
manufacturers, stakeholders, government bodies, etc.) are keen
to adopt field-deployable spectroscopy techniques for food and
feed screening.

Currently, IR techniques (e.g., NIR or MIR) and conventional
Raman are employed within many industrial sectors including
the pharmaceutical and agri-food sector to monitor authentic-
ity and quality. The use of IR techniques and conventional Ra-
man spectroscopy for food safety applications is still quite chal-
lenging due to poor sensitivity, which often cannot meet strict
regulatory limits, although alterations in the percentage regime
are addressable. However, Raman spectroscopy as a technique
may be advantageous over IR for the analysis of biological sam-
ples for several reasons. First, molecules analyzed using Raman
do not need to possess a permanent dipole moment change, as
with IR spectroscopy where they need to be polarizable. Sec-
ond, a major problem with IR is the interference caused from
the vibrational effects of water molecules. Due to its intense
absorption, water often interferes during IR spectroscopy and
despite the increasing popularity of ATR for aqueous applica-
tions, water can be used as a solvent in Raman spectroscopy
as it possesses very weak Raman scattering. Third, as a re-
sult the sample preparation for IR can be lengthier as sam-
ples need to be dried to remove the water content. However,
compared to IR, Raman alone is not very sensitive thus, tech-
niques such as SERS and surface-enhanced resonance Raman
spectroscopy (SERRS) have been developed to overcome this
problem. 3]

SERS is a surface-sensitive technique designed to improve
Raman scattering through the electromagnetic and chemical
enhancements provided by noble metallic substrates or par-
ticles. The technique is widely used for molecular identifica-
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tion and structural characterization and has gained popularity
in recent years for mycotoxin determination.[*”) SERS also has
great potential to provide sensitive, quantifiable results through
the direct determination of mycotoxins. This is another advan-
tage of SERS over other vibrational spectroscopic techniques in-
cluding IR, which is an indirect measurement and monitors
the composition of food/feed and the changes that occur to
components such as, proteins, carbohydrates, lipids, or mois-
ture in the presence of fungal growth or toxins.*!! Addition-
ally, for SERS, sample extraction is often performed therefore,
localized hot spot contamination can be more readily removed
and detected in the extract. The Raman scattering properties
of mycotoxins including their Raman cross-sections, excitation
wavelength, and chemical structures have been exploited pre-
viously to determine their unique “fingerprint” spectra, molec-
ular bonds, and Raman scattering bands (Table 1). Addition-
ally, the possibility of conducting the technique outside of the
laboratory is made more likely through the increased availabil-
ity of commercial SERS substrates and handheld Raman spec-
trometers. The technique itself may also be particularly use-
ful when combined with IR screening, as a final quantita-
tive step. However, the current situation would imply that the
technique itself is not ready for implementation and that it
is unlikely to be considered by industry as a potential on-site
test.

Conventional Raman spectroscopy was first employed by Har-
vey etal., in 2002 who evaluated two portable Raman instruments
alongside a Hazardous Material Response Unit (HMRU) spec-
tral library database to determine the presence of mycotoxins in-
field.’8] A total of 58 unknown matrices were analyzed using two
different devices, by two users and searched against the custom
hazardous materials reference library (HMRU spectral library
database). Results of the study confirmed that 97% of the samples
were correctly identified including the samples containing my-
cotoxins, T-2 toxin, and AFB,, with no occurrences of false posi-
tives. However, using this technique no quantitative results were

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Chemical formula, molecular structure, excitation wavelength (4), and characteristic “fingerprint” used to identify mycotoxins using SERS.

Mycotoxin Chemical formula Molecular structure

AExcitation/AEmissmn Raman ﬁngerprint Refs.
[em™]

Aflatoxin B, B, Cy7H3,06, Ci7H 1404
Aflatoxin Gy, G, Cy7H1207, Ci7HLO;
Aflatoxin My, M, Cy7H4,07, C7H,0y

Ochratoxin A CyoH13CINOg 0y, H o
H
Ochratoxin B CyoH19NOg @\I i
N

e}

Fumonisin B, C34HsgNO;5
Fumonisin B, C34H5oNO;, 0 COOH
Fumonisin B C34HsgNOy, 9

Deoxynivalenol Ci5H3006

Citrinin Cy3H405

Zearalenone CigH2, 05 Moo

HO

Patulin C;HgO, OH

Alternariol Ci4H1005

365/425 nm 813-818 [42,43]
930-934
1135-1158
1273-76
1355-1358
1438-1440
1550,1592
1693-1698

330/460 nm 1000 [44-46]

0 1028

1316
1503
1657
1670

335/440 nm 480 [47,48]
700
OH OH 701
1128
1264
1388
1452

360/470 nm 663 [49,50]
881
-OH 1002
1364
1553
1596

320/505 nm 1382 46,51]
1568
1616

275/460 nm 762 [49,52,53]
880
1448
1517

275 nm 1025 [54,55]
1205
1609

oH 345/420 nm 173 [56,57]
1252
1298
1367
1615

obtained, only information regarding the absence or presence
(Y/N) of the toxin could be confirmed. Whilst we now understand
that Raman scattering may not be able to produce the sensitivity
required to meet the regulatory limits for mycotoxin determina-
tion, this blind field test highlighted the importance of perform-
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ing realistic studies using unknown samples to define the relia-
bility of the portable, in-field technique. Ultimately, in the early
2000s the principle of Raman scattering was being exploited to
determine mycotoxins alongside portable spectrometers and on-
line spectral databases; technologies which are still in demand by
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industry today. SERS was firstapplied one decade later in 2012, by
Wu et al., to overcome the poor sensitivity of conventional Raman
spectroscopy. In this work, the fingerprint spectra of pure AFB;,
AFB,, AFG,, and AFG, standards prepared in methanol (MeOH)
were identified using silver nanorod (AgNR) array substrates.[*?]
The detection limits for the technique were between 2 and 33 mg
kg!. Therefore, the sensitivity of this early SERS technique could
not meet the maximum regulated levels for AFs in food or feed.
Within the European Union (EU), maximum limits are set at
2 ug kg~! for AFB, or 4 pg kg™! for total AFs (sum of B, B,, G4,
G,, M,;) in cereals and cereal-based products intended for human
consumption, ! or between 5 and 20 pg kg~! for AFB, in all feed
materials depending on animal size and whether the animal is
bred for dairy or meat production.[®® However, as the method-
ology was only tested using pure mycotoxin standards and the
interferences from a food or feed matrix were not tested, this
methodology could only be considered as a proof-of-concept or
preliminary study and could not be implemented or commercial-
ized without further developments.

Considering these important breakthroughs, many re-
searchers have since strived to improve SERS-based methods for
mycotoxin determination in terms of detection limits, portability,
feasibility to food and feed matrices, and the level of validation
performed. Whilst numerous publications exist, it is important
to provide an update on the most recent technologies, but also
to critically discuss the improvements made to the practicality
of the technique over the last decade. Ultimately, SERS is not
developing as rapidly as other portable spectroscopy techniques.
This review aims to provide insights as to why after two decades
of technological advancements to hardware and one decade of
scientific research, the area is still slow to progress. This will
be crucial information to help understand the current situation
and allow for recommendations to be made to improve the po-
tential of SERS as a field-deployable screening technique in the
future.

First, the review will discuss the design and fabrication of
nanomaterials with different morphologies (Section 2) using
bottom-up (Section 3), self-assembly of bottom-up synthesized
nanomaterials on solid surfaces (Section 4), and top-down ap-
proaches (Section 5). Second, the incorporation of recognition
elements, e.g., aptamers, antibodies, molecular imprinted poly-
mers (MIPs), etc., for the detection of mycotoxins will be pre-
sented (Section 6). Third, the use of chemometrics and machine
learning will be evaluated and their role in single and multi-
plex applications within real samples will be assessed (Section 7).
Fourth, the validation of SERS approaches will be evaluated in
terms of sensitivity, reproducibility, selectivity, and feasibility for
the determination of mycotoxins in food and feed samples will
be assessed (Section 8). The issues and challenges around sta-
bility, portability, time to analysis, and sample preparation will
also be highlighted in this section. These final sections of the re-
view will focus on the feasibility of SERS from a scientific and
industry perspective. This section will contribute most to under-
standing why the technique may not be the most popular spec-
troscopic measurement for routine analysis. Finally, the conclu-
sion will summarize the main findings and provide opinions for
future developments, to improve the potential of SERS for the
quantitative screening of mycotoxins within the agri-food indus-
try (Section 9).
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2. Nanofabrication for the Detection of Mycotoxins

The fabrication and design of nanomaterials plays a crucial role
in the sensitivity, selectivity, and reproducibility of SERS-based
applications. Various colloidal metal particles or metallic nanos-
tructures have been fabricated using a range of bottom-up and
top-down approaches (Figure 2). Many of these structures are
advantageous as SERS substrates due to their plasmonic and
light scattering properties. The principle of SERS as a sens-
ing technique relies on the inelastic scattering of molecules,
which is greatly enhanced (by magnitudes of 10® or even larger,
enabling single-molecule detection in some cases) when the
molecules of interest are adsorbed onto corrugated metal sur-
faces or nanoparticles.l®’) When the resulting incident wave-
length of light is coupled to the localized surface plasmonic reso-
nance (LSPR) of plasmonic particles the electromagnetic field is
enhanced thus, resulting in the formation of hot spots.[°? Silver
(Ag) and gold (Au) nanostructures are the most commonly used
materials in SERS applications due to their LSPRs, which cover
most of the visible and near-infrared wavelength range (where
most Raman measurements occur).[%3]

Consequently, spherical particles made of Aul illustrated
in the TEM image in Figure 3a) or Agl®'7273 have been ex-
ploited for the detection of AFs, OTA, and CIT mycotoxins. How-
ever, as the electromagnetic enhancement mechanism is strongly
distance-dependent changing the morphology of the nanomate-
rials can result in a much stronger enhancement and lower detec-
tion limits. For example, the sharp tips and corners of anisotropic
plasmonic nanoparticles (e.g., Au nanostars) can produce re-
markable SERS enhancements as they acquire more than one
LSPR peak. When excited with a laser with corresponding wave-
length, the SERS intensity can be enhanced by 5 orders of mag-
nitude in respect to Raman scattering alonel’*l and 2-3 orders
of magnitude higher than that of spherical nanoparticles. There-
fore, numerous shapes, sizes, and compositions of particles have
also been employed for the detection of mycotoxins PAT, DON,
OTA, FB,, and AFB, including nanocubes!”! (illustrated in the
TEM image in Figure 3b), nanobipyramids!’®l (illustrated in the
TEM image in Figure 3c), nanoprisms!”’! (illustrated in the TEM
image in Figure 3d), nanostars!’® (illustrated in the TEM image
in Figure 3e), and nanorods!”*#! (illustrated in the TEM image
in Figure 3f).

Functionalized nanoparticles, core—shell nanoparticles, and
magnetic nanoparticles modified with recognition elements in-
cluding antibodies, aptamers, and MIPs have been exploited for
mycotoxin detection. These approaches can have a positive ef-
fect on selectivity and sensitivity due to chemical enhancement,
which is achieved by chemically attaching specific analytes to
the surface of nanosubstrates, thus changing the Raman cross-
section.l® Core-shell nanomaterials composed of Au and Ag
can also improve the reproducibility of SERS signals as the gen-
eration of hot spots relies on target analytes adsorbing within
nanogaps or forming nanobridges. Ma et al. reported a plasmonic
nanogap gold @silver nanodumbell (Au@AgND) structure to en-
hance the SERS effect and construct an aptasensor for the sensi-
tive detection of OTA (Figure 4a).8!] Additionally, core-shell Ag
nanocubes functionalized with polydopamine (Ag NCs@PDA)
were fabricated by Tegegne et al. for the quantitative detection
of DON in pig feed (Figure 4b).7”) The shell improved the

70,71] (
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Figure 2. Synthesis of nanomaterials using bottom-up and top-down fabrication approaches.

Figure 3. Transmission electron microscopy (TEM) images of nanomaterials with different shapes and sizes fabricated using bottom-up ap-
proaches. a) Au nanoparticles. Reproduced with permission.l54 Copyright 2011, American Chemical Society. b) Au nanocubes. Reproduced with
permission.[%3] Copyright 2018, American Chemical Society. ¢) Au nanobipyramids. Reproduced with permission.[%®] Copyright 2015, John Wi-
ley & Sons. d) Au nanoprisms. Reproduced with permission.[®’] Copyright 2018, American Chemical Society. €) Au nanostars. Reproduced with
permission.[%8] Copyright 2012, Royal Society of Chemistry. f) Au nanorods. Reproduced with permission.[®] Copyright 2013, American Chemical

Society.
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stability of the substrate by protecting the Ag core from oxida-
tion, which is also important for obtaining reproducible SERS
signals. Spot-to-spot variation was examined to determine the re-
producibility of the obtained SERS spectra using the same spot
on the substrate and seven different Ag NCs@PDA substrates
and the relative standard deviation (RSD) was calculated as 8%
and 13%, respectively. Thus, the core—shell substrates are highly
reproducible as the RSDs are much lower than the accepted rate
of 20-30% (i.e., <10% very good, 10-20% good, and 20-30% ac-
ceptable, >30% not acceptable). The optical properties of Au and
magnetic properties of iron oxide (Fe;O,) nanoparticles are of-
ten exploited and combined to develop aptasensing (Figure 4c)#2!
and immunosensing (Figure 4d)®3] platforms for mycotoxin
detection. During these procedures Raman reporters (e.g.,
DTNB, R6G, 4-NTP, 4-ATP) are commonly incorporated into
the fabrication of nanoprobes for chemical SERS enhancement.
Additionally, the magnetic properties of Fe;O,/Au composites
can offer rapid separation and signal enrichment using an ex-
ternal magnet, therefore, reducing matrix effects and helping to
provide reproducible SERS signals. A summary of the bottom-up
and top-down fabrication techniques and their mycotoxin appli-
cations will be discussed in the following sections.

3. Bottom-Up Approaches for the Determination of
Mycotoxins

Colloidal spherical particles produced using bottom-up fabrica-
tion approaches can provide high stability and improved shelf-
life owing to their homogeneity. These substrates are cost-
effective and easy to both produce and functionalize. Bottom-
up synthesis methods have been performed to fabricate plas-
monic particles,[#>1727685] core—shell particles,[’®%° and mag-
netic particles!®#-1 for mycotoxin detection (Table 2). Sev-
eral of these materials, typically plasmonic spherical materials,
are known to provide weaker SERS enhancement than their
anisotropic counterparts. Despite their heterogenous size and
shape, without functionalization their stability and shelf-life can
be impacted by aggregation. Some take advantage of this detec-
tion mechanism by adding an aggregating agent such as a strong
electrolyte (e.g., NaCl, KCl) or an acid (e.g., HCI, HNO,) to modify
the surrounding environment and purposely induce aggregation.
This action increases the density of hot spots between aggregated
particles and improves SERS enhancement. However, control-
ling aggregation and ensuring that the signals are reproducible
is also challenging without exploiting recognition elements or
chemical interactions such as, Au-thiol bonding, electrostatic or
hydrophobic affinity interactions.®!]

3.1. Metallic Nanoparticles

Metallic nanoparticles composed of Ag or Au have unique opti-
cal, electronic, catalytic, and magnetic properties in comparison

www.advmat.de

to their bulk structure. These properties can be tailored to de-
termine their electronic, spectroscopic, scattering, and conduc-
tive properties.'?%! Ag nanomaterials offer several advantages for
SERS over Au, as they exhibit a stronger and sharper plasmon
response and can be excited from the UV to the IR region, while
Au is restricted to IR alone due to damping induced by interband
transitions. For these reasons, the scattering enhancement factor
for Ag can be 10 to 100 times higher than Au.'*"122] For the de-
termination of mycotoxins, Lee et al. applied Ag nanospheres for
the rapid detection of AFB,, AFB,, AFG,, and AFG, in maize.
The technique was one of the first to confirm its practicality in
matrix alongside the development of models k-nearest neighbors
(KNN) and multiple linear regression (MLR). The AgNS com-
bined with MLR led to a substantial improvement in sensitiv-
ity with detection limits of 13-36 pg kg™!, quantitation limits
of 44-121 pg kg™' and r values of 0.939-0.967.172 Additionally,
the determination of CIT was also reported by Singh et al. us-
ing AgNPs and density functional theory (DFT) calculation to es-
timate binding energies and determine adsorption rates of CIT
on the surface of the metallic nanoparticles. Levels of CIT down
to 0.25 mg kg~! could be observed on the surface within a few
minutes.!)

Furthermore, the potential of SERS was investigated by Lee
et al. to detect FUM in maize using Ag dendrites. The sub-
strates were mixed with maize extract prior to SERS analysis.
Afterward, the SERS fingerprint spectra was collected and a
range of classification models; KNN, linear discriminant analy-
sis (LDA), partial least squares-discriminant analysis (PLS-DA)
algorithms and quantification models; MLR, partial least-squares
regression (PLSR), and principal component regression (PCR)
algorithms were developed. Differences were clearly observed
amongst groups of maize samples with concentrations of FUMs
ranging from 1 to 209 mg kg~!.1’] Also, pre-etched Ag nanoclus-
ters were fabricated on EP-FDU-12 as SERS substrates by Chen
et al. followed by the addition of AFB; to the surface (Figure 5a).
The respective theoretical spectrum was calculated by DFT to as-
sign characteristic peaks. Spectral pre-processing methods were
conducted followed by linear PLS and nonlinear BP-AdaBoost
multivariate calibration methods. The limit of detection (LOD)
was calculated as 5 pg kg=' and the applicability was confirmed
in spiked peanut oil with recoveries in the range of 90-113% and
an RSD of ~5%.11°]

Ag embedded silica nanospheres (aka SERS dots) have also
been fabricated and described as having advantages includ-
ing easy handling and preparation, long-term stability, high re-
producibility, and strong signal generation.['?*1?*] Hahm et al.
reported the fabrication of Ag-embedded silica nanoparticles
(SiO, @AgNPs) for the detection of AOH.[®] Thiolated SiO, NPs
were first prepared, and AgNPs were introduced onto the surface
of the SiO,-SH NPs. AOH standard solutions prepared in MeOH
were incubated with SiO, @AgNPs followed by SERS analysis.
Several intense bands appeared after the addition of AOH due

Figure 4. Fabrication of core—shell and magnetic nanomaterials using bottom-up approaches for the detection of mycotoxins. a) Schematic illustration
for OTA detection based on Au@AgND assembly. Reproduced with permission.[31] Copyright 2021, Elsevier. b) Preparation of core—shell Ag nanocubes
coated with polydopamine (Ag NCs@PDA) for the detection of DON in pig feed. Reproduced with permission.[7>] Copyright 2020, Elsevier. c) Schematic
illustration of aptasensor for double detection of OTA and AFB; with the use of SERS labels embedded Ag@Au CS NPs. Reproduced with permission.[3?]
Copyright 2015, American Chemical Society. d) Schematic illustration of SERS-based immunoassay platform for AFB; detection using SEHGNs and

magnetic beads. Reproduced with permission.[®] Copyright 2015, Elsevier.
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Table 2. Summary of SERS nanosubstrate fabrication using bottom-up approaches for the detection of mycotoxins.
Bottom-up fabrication approaches

Mycotoxin SERS substrate Refs.

Aflatoxin By, B, G;, G, My, M, Bipyramid gold nanocrystal-gold nanoclusters (BPGN/GNC) [92]
Gold film over nanospheres (AuFONs) [93,94]
Silver nanoparticles (AgNPs) [72,95]
Gold nanoparticles (AuNPs) [70,71,96-99]
Ag@Au core—shell nanoparticles (CSNPs) [82,100]
Magnetic Fe; O, nanoparticles (MNPs) [82,83]
Silica-encapsulated hollow gold nanoparticles (SEHGNs) [83]
Gold nanostar (AuNS) core-silver nanoparticle (AgNP) satellites [78]
Magnetic Ni@Au nanoparticles [107]
Gold-DTNB@Silver-DTNB nanotriangles (GDADNTs) [102]
Chitosan-functionalized magnetic-beads and AuNR@DTNB@AgNRs [87]
Fe; O, @Au nanoflowers and Au-4MBA@Ag nanospheres [90]
Gold nanotags on a silica photonic crystal microsphere (SPCMs) [103]
Au@SiO, core-shell NPs [104]
Polyethyleneimine (PEI) modified ZNFe,O,@Ag magnetic nanoparticles [105]
Mesoporous silica EP-FDU-12 pre-etched Ag nanocluster [106]

Ochratoxin A, B Silver nanoparticles (AgNPs) [73,95,107]
Gold nanoparticles (AuNPs) [97,108-110]
Gold nanorods (AuNRs) [79,86]
Gold nanoprism [77]

Fumonisin B, B, B;

Deoxynivalenol

Citrinin

Zearalenone

Film over nanospheres (FONs)

Ag@Au core—shell nanoparticles (CSNPs)

Magnetic Fe; O, nanoparticles (MNP)

Au(core) @Au-Ag(shell) nanogapped nanostructures
Au-DTNB@AgNPs (GSNPs)

Upconversion nanoparticle (UCNP)

AuNanostar@4-MBA@Au core-shell nanostructures

Gold@silver nanodumbbell (Au@AgND)

Gold nanotags on a silica photonic crystal microsphere (SPCMs)
AuNPs-loaded inverse opal silica photonic crystal microsphere (SIPCM)
Pd—Pt bimetallic nanocrystals (Pd—Pt NRs)

Au@SiO, core-shell NPs

Ag dendrites

Platinum-coated gold nanorod (AuNR)

Upconversion nanoparticle (UCNP)

AuNPs-loaded inverse opal silica photonic crystal microsphere (SIPCM)
Ag@Au core—shell nanoparticles (CSNPs)

Silver nanoparticles

Film over nanospheres (FONs)

Silver nanocubes @ polydopamine substrate (Ag NCs@ PDA)
AuNPs-loaded inverse opal silica photonic crystal microsphere (SIPCM)
Ag@Au core-shell nanoparticles (CSNPs)

Silver nanoparticles (AgNPs)

Gold nanoparticles (AuNPs)

Upconversion nanoparticle (UCNP)

Gold nanotags on a silica photonic crystal microsphere (SPCMs)

Gold nanorod (AuNR)

Au@Ag core—shell nanoparticles (CSNPs)

Fe; O, @Au magnetic nanoparticles (MNPs)

[
82,86,100,108]
82,88,89,110,112]
(89]

(88]

3
[114]

(81]

[103]
[115]
2
[104]

[47]

(80]

3
[ms
[100]
[116]
)

[75)

[15]
[100]

(51
[97,117]
3
[103]

(36]
86,100,118]
s

Patulin Gold nanobypyramids [76]
Molecularly imprinted gold nanoparticle (MIP-ir-AuNP) [54]
Gold nanorod (AuNR) [119]
Alternariol Silver-embedded silica (SiO, @Ag) NPs [85]
Silver nanoparticles (AgNPs) [57]
Gold nanorod (AuNR) [119]
T-2 toxin Au@Ag core—shell nanoparticles (CSNPs) [100]
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Figure 5. SERS applications exploiting bottom-up fabricated nanosubstrates to detect mycotoxins. a) The detection of AFB; using pre-etched metallic Ag
nanoclusters as SERS substrates. Reproduced with permission.l1%] Copyright 2020, Elsevier. b) SERS spectra and intensity plot at 1304 cm™" of silver-
embedded silica nanoparticles treated with various concentrations of AOH. Reproduced under the terms of the Creative Commons Attribution CC-BY
license.[33] Copyright 2020, The Authors, Licensee MDPI, Basel, Switzerland. c) SERS spectra and calibration curve obtained using an SERS-based
aptasensor for the determination of OTA and ZEN with Au@Ag core—shell nanoparticles. Reproduced with permission.[8¢] Copyright 2021, Springer
Nature. d) Decreasing SERS spectra with increasing AFB; concentrations obtained using an SERS-based aptasensor using Au@DTNB@Ag core—shell
nanorods and magnetic beads for signal enrichment. Reproduced with permission.[8’] Copyright 2018, Elsevier.
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to the aggregation of AgNPs on the surface of SiO,-SH NPs.
The intensity of the SERS bands at 1254 and 1304 cm™' de-
creased with decreasing AOH concentration. Thus, the results
indicated good linearity between the SERS intensity of the AOH-
treated SiO, @AgNPs and AOH concentration and an LOD of
1.25 ug kg™' for AOH was achieved (Figure 5b). The reproducibil-
ity of the SERS signal was also assessed with low RSD values of
2-6%.1%°]

Whilst Au nanomaterials are restricted to excitation within the
red and near infrared regions, for some SERS applications this
may be beneficial to reduce the effects of fluorescence. Other ad-
vantages of Au include its nontoxic nature and higher chemical
stability than Ag.l'?] PAT for the first time was determined by
Kang et al. using Au nanobipyramids as an SERS substrate. It
was found that PAT could react with 4-MBA by its thiol group.
Thus, 4-MBA and PAT were combined as a SERS probe and Au
nanobipyramids were subsequently applied as SERS substrates.
In the presence of PAT, a distinct vibrational signature at 1641
cm~! was observed which allowed PAT to be quantified in aque-
ous phase. The intensity ratio of two bands, 1641 and 1586 cm™!
from target and 4-MBA, respectively, was calculated and an LOD
for PAT of 6 ug kg™! and an RSD of 8% was achieved. Real sam-
ple analysis was conducted using the juice from rotten apples
and pears with LODs of 126~ and 78 pg kg™!, respectively.”®! Ad-
ditionally, a handheld system was developed by Qu et al. for the
detection of AFs using TLC combined with SERS. AFs (AFB,,
AFB,, AFG,, AFG,) were successfully separated by TLC and de-
tected using Au colloids as the SERS substrate and a portable Ra-
man spectrometer. Vibrational peaks were identified using DFT
and the method could successfully determine LODs for AFs be-
tween 2.0 and 3.5 mg kg~'. Recoveries for three AFs (AFB,, AFG,,
AFG,) in spiked moldy peanuts were reported between 88% and
114%, although the recovery for AFB, was not reported.”’®) Fur-
thermore, SERS combined with QuEChERS (quick, easy, cheap-
effective, rugged, safe) extraction was reported for the first time
by Liuetal. to detect AFB, in feed samples. Samples were initially
analyzed using a Raman microscope and the LOD for AFB, was
calculated as 0.85 ug kg™' using standard solutions and AuNP
aggregation to enhance the SERS signal. After combining potas-
sium iodide (KI) and 50-60 nm gold nanoparticles (AuNPs), the
samples were analyzed using a portable Raman spectrometer.
The recoveries for spiked wheat and corn powder were between
the range of 85-108% with an RSD of <10%.7! The rapid detec-
tion of Aspergillus flavus and quantitative determination of AFB,
in maize using SERS was reported by Wang et al. who exploited
AuNPs and a portable Raman spectrometer. Aspergillus flavus was
inoculated on corn grains and the spore suspension (10*-10°
CFU mL!) was mixed with colloidal AuNPs to determine an
LOD of 3.85 CFU mL™!. The results demonstrated that the SERS
signal of Aspergillus flavus increased after coupling with AuNPs,
whereas under non-SERS conditions the signal was barely de-
tectable using the portable instrument. HPLC analysis was con-
ducted on the corn samples to obtain AFB; concentrations in
parts per million (ppm). The SERS spectra of AuNPs mixed with
AFB, standards in MeOH were collected using a portable spec-
trometer and the LOD for AFB; was 0.5 ug kg=1.°! However,
there was no correlation made between the LODs achieved for As-
pergillus flavus and AFB,. Additionally, the quantification of nat-
urally occurring AFB, in corn was not reported and AFB,; was
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not spiked into the blank matrix for validation. Detection limits
were only obtained for AFB, using standards prepared in MeOH,
thus, interferences and reduced sensitivities in matrix conditions
could not be assessed.

3.2. Core—Shell Nanomaterials

Bimetallic nanomaterials composed of Au and Ag have gained
much attention due to the ability to amalgamate LSPR, i.e., plas-
monic coupling. This Au-Ag alloy can offer several advantages
including, enhanced SERS signal and broad band absorption of
light. Furthermore, they possess the long term stability and bio-
compatibility of Au and the phenomenal enhancement provided
by Ag.[?%] For mycotoxin detection, Li et al. applied the Au nanos-
tar (AuNS) and AgNP satellite assembly for the ultrasensitive de-
tection of AFB, in spiked peanut milk. The SERS sensor was
constructed using AFB; aptamer (DNA1)-modified Ag satellites
and a complementary sequence (DNA2)-modified AuNS. A Ra-
man label of 4-ATP was modified on the surface of Ag satel-
lites which attached to the AuNS leading to the formation of a
core—satellite architecture with intense SERS signal. After the re-
lease of complementary DNA2 from the AuNS, in the presence
of target, the SERS signal is reduced. An LOD of 500 ng kg™
was achieved whilst recoveries and RSDs for three concentrations
of AFB, in spiked peanut milk were between 88-104% and 11—
18%, respectively.”®] Additionally, Chen et al. combined Au@Ag
core—shell NPs with Au nanorods (AuNRs) for the simultaneous
detection of OTA and ZEN in wheat and corn. For the sensing
application, the capture and reporter probes were fabricated us-
ing SH-cDNA-modified AuNRs and SH-Apt-O-modified Au@4-
MBA@Ag core—shell NPs (Au@Ag CS) or SH-Apt-Z-modified
Au@DTNB@Ag CS, respectively. The reporter probe witnessed
strong SERS signal when OTA and ZEN aptamers recognize
complementary strands (SH-cDNA). However, binding between
OTA and ZEN aptamers resulted in reduced SERS signal as re-
porter probes release the capture probes. The SERS intensity was
indirectly proportional to increasing OTA and ZEN concentra-
tions and linearity was observed for 4-MBA at 1079 cm™ (R? =
0.986) and DTNB at 1346 cm ™! (R? = 0.987) (Figure 5¢). The LOD
for OTA and ZEN was calculated as 20 and 50 ng kg~! and the re-
covery rate for wheat and corn ranged from 96% to 111%.(8)

3.3. Magnetic Nanomaterials

A typical advantage of using magnetic nanomaterials (MNPs) is
that they are easy to separate thus, allowing the controllable for-
mation of hot spots and enhancement.!'?”128] Additionally, mag-
netism allows effective extraction and separation of targets from
complex samples, which greatly improves accuracy, reproducibil-
ity of detection and allows for matrix interferences to be signif-
icantly reduced.['?!] Many of the applications exploiting MNPs
also commonly incorporate other highly stable and/or SERS en-
hancing nanosubstrates such as, Au—Ag core—shell particles. For
sensing they are often functionalized with mycotoxin-specific
aptamers to improve reproducibility and selectivity. For exam-
ple, Zhao et al. reported MNPs fabricated by the reduction of
iron salts (FeCl,) using sodium citrate as a reducing agent for
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the double detection of AFB,; and OTA in maize. Additionally,
SERS labels (4-NTP or 4-ATP) were embedded onto Ag and Au
core-shelled nanoparticles (Ag@Au CS NPs). Strong SERS en-
hancement from Raman reporters is observed after the com-
plexes are purified with an external magnet. However, in the
presence of OTA and AFB,, binding with aptamers induces the
dissociation of Ag@Au CS NPs from the MNPs and decreased
SERS is observed after the MNPs are isolated and Ag@Au CS
NPs are removed. The technique could achieve detection lim-
its of 6-30 ng kg~! and was applied to maize with recovery val-
ues between 95%—100% and an RSD of 4%./%2) Additionally,
Chen et al. also reported an SERS-based aptasensor for the ul-
trasensitive detection of AFB, in spiked peanut oil. The pro-
cedure takes advantage of chitosan magnetic beads (CS-Fe;0,)
conjugated with amino-terminal AFB, aptamer (NH,-DNA1)
and thiol-terminal AFB, complementary aptamer (SH-DNA2)
as enrichment nanoprobes and Au-Ag nanorods functionalized
with Raman reporter DTNB (AuNR@DTNB@Ag nanorods or
ADANRS) as reporter nanoprobes. In the presence of AFB,, com-
petitive binding between aptamers on CS-Fe;O, and comple-
mentary aptamers on ADANRs induce dissociation and the Ra-
man signals are reduced after washing with an external mag-
net to separate the unbound ADANRSs nanoprobe (Figure 5d).
An LOD of 4 ng kg™! and an RSD of 3% was achieved with re-
coveries between 91% and 106%.1®”] Furthermore, Song et al.
developed an SERS-based aptasensor for OTA in red wine and
coffee based on Fe;O,@Au magnetic nanoparticles (MGNPs)
and Au@Ag nanoprobes modified with Raman reporter DTNB.
Au-DTNB@AgNPs were modified with OTA aptamer (aptamer-
GSNPs) and used as Raman signal probes and MGNPs were
modified with complementary DNA (cDNA-MGNPs) as capture
probes and reinforced substrates. After magnetic separation re-
duced Raman signal is observed and the LOD for OTA was deter-
mined as 500 ng kg~!, with recoveries between 80% and 110%
and RSDs <10%.[%8] A SERS-based aptasensor with direct cor-
relation was developed for the detection of OTA in red wine
by Shao et al. The technique applied Au core and Au-Ag shell
nanogapped nanostructures (Au@Au-Ag NNSs) coupled with
Fe,;0,-MNPs by OTA aptamer and its complementary DNA se-
quence. Hybridization occurs without OTA and after magnetic
separation the supernatant provides weaker SERS signal as 4-
MBA. The assembly disassembles in the presence of OTA and,
as the OTA concentration increases, more 4-MBA remains avail-
able in the supernatant after magnetic separation. Therefore, the
SERS peak of 4-MBA at 1591 cm™! was directly correlated to in-
creasing concentrations of OTA with an LOD of 4 ng kg™ and re-
coveries between 92% and 112%.[%% In addition, He et al. also re-
ported an SERS aptasensor based on multifunctional Fe;O, @Au
nanoflowers (Fe;O,@Au NFs) for the ultrasensitive detection of
AFB, in peanut oil. Hybridization between reporter and cap-
ture probes formed the basis of the SERS aptasensor, which af-
ter magnetic separation produced high Raman signal from re-
porter probes. In the presence of AFB;, the AFB, aptamer selec-
tively bound to AFB; and reporter probes (Au-4MBA@AgNSs)
were released from the capture probes (Fe;O, @Au NFs) causing
a linear decrease in SERS intensity after magnetic separation.
A detection limit of 400 ng kg~ was achieved with an RSD of
3% and satisfactory recoveries of 97-115% and RSD values from
4% to 12%.1%]
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Reproducibility and uniformity in the assembly of hot spots
remains to be one of the major challenges for SERS detection.
The great potential of metallic nanomaterials using bottom-up
approaches has been demonstrated for the detection of myco-
toxins; however, the reproducibility of SERS signals and long-
term stability of substrates acquired through top-down fabrica-
tion, or a combination of approaches may be preferred. Bottom-
up fabrication methods tend to be readily scalable to large batches
but typically offer limited control over size, homogeneity, and
shape.[1?l Commonly, there have been three approaches reported
for the immobilization of nanostructures on solid substrates in-
cluding 1) self-assembly of bottom-up nanomaterials on solid
surfaces and 2) top-down fabrication of roughened Ag and Au
surfaces and 3) a combination of these techniques.[®" These ap-
proaches and their applications will be discussed in the following
sections.

4. Self-Assembly of Colloidal Nanomaterials on
Solid Surfaces

Self-assembly of chemically synthesized nanoparticles is one
of the most widely used bottom-up approaches due to the
lower cost and fabrication time compared to those produced us-
ing top-down approaches. Detection can be performed through
the addition of sample material directly onto a roughened
surface which can be composed of a Raman active mate-
rial, or another low-cost, readily available material. The de-
tection of mycotoxins has previously been performed using
the self-assembly approach of metallic nanosubstrates on solid
surfaces fabricated of glass,®®1 paper,”! Au,”! and alu-
minum (Al) foil. B! To control self-assembly and improve re-
producibility, bifunctional linker molecules have been employed
to chemically immobilize or electrostatically attach nanomate-
rials onto the solid surface. Through this approach, one avail-
able functional group can be anchored onto the solid sup-
port whilst the second one remains free to bind to the metal
nanostructure.®>13] Thus, the production of hot spots and SERS
signal can be obtained in a more accurate and reproducible
manner.

4.1. Silica

Silica (or glass) is commonly used for the self-assembly of nano-
materials as it is highly stable, robust, and easy to functionalize.
For the determination of PAT and AOH, Guo et al. demonstrated
a coffee-ring effect on glass slides using AuNRs dried onto the
surface of a silicon (Si) chip (Figure 6a). A stable coffee ring was
formed by optimizing the droplet volume, drying temperature,
and evaporation rates at the edge of the droplet, prior to analyz-
ing mycotoxins at varying concentrations. The characteristic peak
of Rhodamine B (RB) was used to capture a pseudo color image
and the signal intensity was used to optimize and characterize
the coffee ring. The color image shows that the signal intensity of
RB in the coffee-ring region is significantly higher than the cen-
tral region, indicating that the coffee ring can enrich and capture
the detection molecules and enhance the Raman signal of the
measured molecules. Afterward, PAT and AOH standards and
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Figure 6. Self-assembly of bottom-up fabricated nanomaterials on solid surfaces for the detection of mycotoxins. a) Schematic illustration of the SERS
detection of PAT and AOH based on the coffee-ring effect using AuNRs assembled on a silicon chip. Reproduced with permission.['1°] Copyright 2021,
Elsevier. b) SEM image of donut-like structure created using acidified chloroform extraction to remove OTA residues from wine before drying on a Au
film. Reproduced with permission.[’3] Copyright 2021, Elsevier. c) SERS spectra of DON in pig feed using Ag NCs@PDA substrate dried on filter paper.

Reproduced with permission.l”>] Copyright 2020, Elsevier. d) SERS spectra

of 4-MBA embedded on Au@AgND assembly upon addition and drying of

different OTA concentrations on tin foil. Reproduced with permission.!3'l Copyright 2021, Elsevier.

spiked apple juice extracts were premixed with AuNRs and dried
onto the Si wafer. The SERS spectra from the edge of the cof-
fee ring were analyzed and DFT was employed to determine the
theoretical distribution of Raman peaks. The spectra were pre-
processed prior to the development of algorithms; synergy in-
terval (Si)-PLS, genetic algorithm (GA)-PLS, and uninformative
variable elimination (UVE)-PLS and detection limits of 1 pug kg~!
were obtained. PAT and AOH were extracted from apple juice
using solid phase extraction (SPE) and the LOD was calculated
as 1 mg kg~! with recoveries between 82% and 108%./11°] Addi-
tionally, a Si platform was exploited by Kutsanedzie et al. for the
detection of OTA and AFB,. After optimizing pH, AgNPs were
dried onto the Si platform, followed by the independent addition
of two mycotoxins and NaCl to induce aggregation and increase
signal intensity from SERS hot spots. Acquired spectra were in-
dependently pre-processed and two feature selection algorithms
paired with PLS; GA-PLS and competitive adaptive reweighted
sampling-PLS (CARS-PLS) were used for model development.
The LODs for OTA and AFB, in spiked cocoa beans were
calculated using the linear range of 0.1-10 pg kg=' for all
established models, predicted concentrations and computa-
tions based on the IUPAC definition as 3 and 4 ng kg™,
respectively. Additionally, recoveries and coefficient of vari-
ation (CV) values were determined for OTA and AFB, in
spiked cocoa beans ranging between 97-105% and 1-7%,
respectively.[]
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4.2. Gold

Whilst Au SERS substrates are more expensive than those made
of Al, a major advantage is that Au can strongly absorb mercap-
tans and other sulfur-containing compounds.[*! To detect OTA,
Rojas et al. exploited Au-coated glass slides as solid supports to
dry sample extracts from wine and wheat mixed with colloidal
AgNPs. During this procedure Au slides play a role in facilitating
and enhancing SERS measurements. The formation of a donut-
like structure was observed after performing three different ex-
traction procedures. For extraction 1 and 3, a coffee-ring effect
was observed, which was attributed to the presence of NaCl caus-
ing particle aggregation. The coffee ring disappeared after ex-
traction 2 and a donut-like structure was observed when sam-
ple acidification was performed using chloroform as a separa-
tion solvent. Further investigation using SEM revealed AgNPs
spread around bigger crystal-like structures, which were homoge-
nously distributed to form one thick ring (Figure 6b). Compared
to the coffee-ring structure, the nanoparticles had a much lower
degree of aggregation. Although nanoparticle aggregation is re-
quired to form the coffee ring and enhance SERS sensitivity, this
process is often difficult to control and leads to non-reproducible
results. Therefore, the donut structure demonstrated a more ho-
mogeneous distribution and reproducible SERS signals. The au-
thors also speculate that the formation of crystal-like structures
in the donut involves proteins but requires further investigation.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

95UB01 7 SUOWIWOD 9A1E810 9|qeot [dde 8y} Ag peusenob ale sajole YO ‘9SN Jo Sa|nI Joj Akeigi]8uUlJUQ A8]IA UO (SUONIPUD-pUE-SWR1/LI0O" A3 | IM ATl [Bul JUO//:SANL) SUORIPUOD PuUe SWB | U1 8eS " [1Z0z/S0/6T] U0 AleiqiTauliuo Ao]im ‘preod yoJessay YieoH Aq 529605202 eWPe/z00T 0T/10p/uioo™Aa|im Arelqijpuluo//sdny woij pepeojumod ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
Table 3. Summary of SERS nanosubstrate fabrication using top-down approaches for the detection of mycotoxins.
Top-down fabrication approaches
Mycotoxin SERS substrate Refs.
Aflatoxin By, B, Gy, Gy, My, M, — Silver nanorod (AgNR) array [42]
— Graphene oxide-Au@Ag core-shell nanoparticle complex [134]
— Carbon nanostructures by plasma-enhanced chemical vapor deposition [135]
— PDMS@AAO complex sputtered with Au (3D-nanocauliflower substrate) [49]
— Gold nanobipyramids (AuNBPs) in nanoholes of anodic aluminum oxide (AAO) (Au NBPs-AAQ) [136]
— 3D nanopillar arrays [137]
— Porous anodized aluminum (PAA) membrane (two-step anodization) and AgNPs [138]
— CuO@Ag microbowl array (lithography combined with chemical oxidation and Ag sputtering) [139]
Graphene oxide-based 3D Au nanofilm (GO@Au-Au) [140]
MXene (Ti;C,T,) nanosheets loaded with AuNP dimers [147]
MXenes and Au nanorod (AuNR) substrates [142]
Ochratoxin A, B Gold nanotriangle structures fabricated by electron beam lithography [44]
Au-Ag Janus NPs-MXenes nanosheet assemblies [143]
3D nanopillar arrays [137]
Thermal evaporation of Au on glass [144]
Ag-capped silicon nanopillars using reactive ion etching [145]
Fumonisin By B, Bs 3D nanopillar arrays [137]
Nano-pillar arrays fabricated by two-photon polymerization [146]
Carbon nanostructures by plasma-enhanced chemical vapor deposition [135]
Metal-organic framework (MOF-5) coated SERS active gold gratings [147]
Graphene oxide-based 3D Au nanofilm (GO@Au-Au) [140]
Deoxynivalenol Nano-pillar arrays fabricated by two-photon polymerization [146]
PDMS@AAO complex sputtered with Au (3D-nanocauliflower substrate) [49]
Zearalenone Carbon nanostructures by plasma-enhanced chemical vapor deposition [135]
PDMS@AAO complex sputtered with Au (3D-nanocauliflower substrate) [49]
— Graphene oxide-based 3D Au nanofilm (CO@Au-Au) [140]
Patulin — MIP on AuNP sputtered PDMS-AAQ nanoarray [148]
Alternariol — Carbon nanostructures by plasma-enhanced chemical vapor deposition [135]

During extraction 2, five different concentrations of OTA (0.01-
1 mg kg~!) were spiked into wine and wheat samples and acidi-
fied with H,PO, followed by extraction with chloroform. Extracts
were mixed 1:1 with AgNPs for 3 min and dropped onto a Au
slide to dry prior to analysis. PLS regression analysis showed
good linearity between OTA concentration and the Raman inten-
sity at 1030 and 1003 cm™! for wine and wheat.[”3] However, the
perhaps unnecessary use and the associated health and environ-
mental risks of using chlorinated extraction solvents make this
procedure unlikely to be performed outside of the laboratory.

4.3. Paper

Filter paper serves as a suitable support for noble metal nanopar-
ticles due to the combination of hydroxyl groups on the fibers
surface making it ideal for loading with AgNPs. Additionally,
filter paper as SERS substrates can afford more hot spots than
planar substrates thus, decorating with sharp edged Ag nano-
materials is ideal for ultrasensitive detection.['*?] Taking advan-
tage of this, Tegegne et al. fabricated core-shell Ag nanocubes
(Ag NCs) coated with polydopamine (PDA), which were loaded
onto the surface of filter paper by ultrasonication for 30 min. The
Ag NCs@PDA substrates are composed of an ultrathin (1.6 nm)
PDA shell which promotes the adsorption of DON via hydrogen
bonding and z— stacking interactions. Pig feed extractand DON

Adv. Mater. 2024, 2309625 2309625 (14 of 46)

at varying concentrations were added to the surface and dried at
room temperature prior to SERS analysis. The quantitative analy-
sis of DON was studied by analysing the characteristic SERS peak
at 786 cm~! with increasing DON concentrations (Figure 6¢).
A linear calibration curve was obtained within the range from
0.3 ng kg™' to 296 mg kg~! and the LOD for Ag NCs@PDA was
determined as 0.2 pg kg~! with the sensitivity attributed to affin-
ity interactions between PDA and DON.!”’]

4.4, Aluminum Foil

Aluminum (Al) foil is one of the most widely available house-
hold materials and a cost-effective metallic material that is of-
ten used for SERS. As a result, Ma et al. successfully applied tin
foil as an SERS substrate combined with a plasmonic nanogap
gold@silver nanodumbell (Au@AgND) structure for the detec-
tion of OTA. The Au@AgND structure was prepared by reducing
Ag onto the surface of AuNRs in the presence of glycine. Ag pre-
ferred to grow at both ends of the AuNR to create a nanodumbbell
structure. Thiolated OTA aptamer and its complementary se-
quence were modified on Au@AgND respectively using Ag-SH
bonds. Analysis was performed by reacting Au@AgND with OTA
solutions for 30 min and drying the sample on tin foil prior to
analysis. Complementary pairing of the two probes reduced the
inter-nanogap enhancing the Raman signal from 4-MBA Raman
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reporter immobilized on Au@AgND. However, in the presence
of OTA the aptamer preferentially binds to the target and the as-
sembly was disintegrated therefore, decreasing the signal of 4-
MBA. The OTA concentration was inversely proportional to the
SERS signal and the LOD was 7 ng kg™'. The recoveries in spiked
beer and peanut oil were calculated as 92-102% and 94-104%,
respectively (Figure 6d).31]

5. Top-Down Fabrication of Roughened Ag and Au
Surfaces for Mycotoxin Detection

Roughened Ag and Au surfaces can be fabricated using several
methods including chemical etching, mechanical deformation,
electroplating, and oblique angle deposition. Electron beam
lithography is also a popular technique for creating well defined
metallic-coated Si nanostructures however, fabrication costs
are higher than their non-lithographic counterparts.'**l The
fabrication of these nanostructures using lithographic and
non-lithographic techniques and their mycotoxin applications
will be discussed in the following sections and are summarized
in Table 3.

5.1. 3D Nanofabrication Using Lithographic Techniques

Lithography is the process of transferring patterns from one
medium to another using different forms of radiation includ-
ing traditional optical or UV photolithography, or those which
provide higher resolution including X-ray, electron or ion beam
lithography.'*] Fischer’s patterns composed of a hexagonal ar-
ray of Au triangles have been well documented in the literature
(Figure 7). To fabricate glass slides are spin-coated with a photore-
sist thin film, followed by the deposition of chromium (Cr) using
magnetic sputtering. The electron beam system is then used to
write the Fischer’s pattern and the size, distance, and resolution
can be tailored by modifying the dose.l'*"] Using this nanofab-
rication method, a metallic platform was prepared by Galarreta
et al. consisting of an assembly of Au nanotriangles organized
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Figure 7. Scanning electron microscopy image of the SERS substrate con-
sisting of arrays of Au nanotriangles organized in a hexagonal lattice (Fis-
cher’s pattern) inscribed by electron beam lithography on a microscope
glass coverslip. Reproduced with permission.[*4l Copyright 2012, Springer
Nature.
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in a hexagonal lattice inscribed by electron beam lithography
on a glass coverslip. The SERS platform was embedded with a
microfluidic channel layer sputtered with polydimethylsiloxane
(PDMS) followed by the functionalization of aptamers to the Au
surface through covalent Au—S bonds. The substrate was applied
to capture and enhance the SERS fingerprint recognition of OTA
with detection limits of 20 ug kg=1.1*]

Additionally, excimer laser patterning of poly(methyl
methacrylate) followed by the evaporation of Ag or Au has
been explored for the creation of reproducible SERS-active
gratings.[11152] Guselnikova et al. took advantage of spin-coating
Su-8 thin films patterned by excimer laser. Au was deposited
onto the patterned polymer surface by vacuum sputtering to
create metal-organic framework (MOF-5)-coated SERS active
Au gratings. The substrate was applied to analyze organic con-
taminants in soil (a mixture of FB,, Sudan III, and paraoxon)
using a portable Raman spectrometer. The LOD for FB, was
determined after extracting from soil using water or chloro-
form as 0.072 ug kg='.'"¥’] Furthermore, Meng et al. employed
colloidal lithography on copper (Cu) and subsequent chemical
oxidation on Cu foils to form a quasi-2D CuO microbowl array
film, which was sputtered with Ag to achieve CuO@Ag mi-
crobowl array substrate (Figure 8a). The SERS-active substrate
with enhanced SERS sensitivity, reproducibility, and recycla-
bility (photocatalytic degradation under visible illumination
aids its self-cleaning and reusable properties) was applied to
detect AFB, in maize samples and an LOD of 4 pg kg™! was
achieved.l*

Two-photon polymerization (TPP) nanolithography is a pow-
erful and useful manufacturing tool using direct laser writing
to fabricate 3D nanostructures of various materials.[*>*] It allows
the transferring of any desirable pattern in polymer, by exposing
a photopolymer to laser pulses at a certain power, resulting in
photo-polymerization within a smaller region of the photopoly-
mer due to two-photon absorption. The unexposed regions of
the photopolymer are washed away leaving behind the solidi-
fied polymer.['>*) TPP-based fabrication has a unique set of ad-
vantages including high-resolution nanostructures with greater
precision, 3D printing in a single exposure step and fabrication
of complex features with high accuracy and repeatability over
conventional microfabrication techniques.[**®! For the determi-
nation of mycotoxins DON and FB;, an additive manufacturing
method employing TPP to fabricate nanopillar arrays ranging
from 200 to 600 nm was reported by Liu et al. followed by sputter-
ing the nanostructures with a 20 nm layer of Au (Figure 8b). The
complexity and time of nanostructure fabrication was reduced
using computer aided design/manufacturing (CAD/CAM). The
SERS substrates were fabricated using a 3D printer and the elec-
tric field enhancement simulation of nanopillar arrays was per-
formed using the finite-difference time-domain (FDTD) method.
The 200 nm nanopillar arrays had the highest enhancement fac-
tor in the presence of Rhodamine 6G (R6G) and were applied to
detect DON and FB; in acetonitrile (ACN) combined with prin-
cipal component analysis (PCA). The LOD for DON and FB,
were 1 ~“and 1.25 mg kg~!, respectively however these were the
only concentrations analyzed and validation in matrix was not
performed.[146]

Oblique angle deposition (OAD), or often referred to as
glancing angle deposition (GLAD), is a deposition process,
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Figure 8. Fabrication of 3D nanosubstrates using top-down lithographic and non-lithographic approaches for the detection of mycotoxins using SERS. a)
Schematic diagram for the preparation of CUO@Ag microbowl array substrate using colloidal lithography and chemical oxidation reaction. Reproduced
with permission.['3°] Copyright 2021, Royal Society of Chemistry. b) Morphologies of 200, 400, and 600 nm nanopillar arrays fabricated using TPP pho-
tolithography and characterized using SEM and AFM. Reproduced with permission.[16] Copyright 2020, Royal Society of Chemistry. c) Schematic illus-
tration for the fabrication of 3D nanopillar substrates by i) sputtering and ii) thermal evaporation methods and the leaning effects of adjacent nanopillars
after solution evaporation. Reproduced with permission.['37] Copyright 2018, John Wiley & Sons. d) Morphology of carbon nanostructures synthesized
by plasma-enhanced chemical vapor deposition. Reproduced with permission.!'3*] Copyright 2021, John Wiley & Sons. e) Schematic demonstration of
the preparation of 3D-nanocauliflower substrate using two-step anodization. Reproduced with permission.[*?] Copyright 2019, American Chemical Soci-
ety. f) lllustration of the preparation process of enzyme induced MIP-SERS substrate (MIP-ir-Au/PDMS/AAQ) using two-step anodization. Reproduced
with permission.['#8] Copyright 2020, Elsevier.

which uses a highly directional vapor flux source to produce cated using an OAD technique using a custom-designed elec-

an array of 3D nanostructures with excellent controllability in
geometrical shape, reproducibility, and low-cost. By controlling
deposition parameters during OAD, a variety of nanostructures
and self-organized nanoporous films can be fabricated including
nanorods and nanohelixes.['*] One of the earliest reports by Wu
et al. acquired SERS spectra with AuNR array substrates fabri-
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tron beam/sputtering evaporation (e-beam) system. Briefly, the
fabrication relied on a 20 nm titanium (Ti) film followed by a
500 nm Au film being evaporated onto glass microscopic slides
using the e-beam deposition system, whilst being held perpen-
dicular. The substrates were then rotated 86° and AuNRs were
successfully grown at this oblique angle, which were later applied
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to determine the SERS fingerprint of AFB,;, AFB,, AFG,, and
AFG, 4]

Maskless or grayscale lithography and reactive ion etching
have been described as simple, fast, and cost-effective processes
used to fabricate flexible freestanding nanopillars composed of
Si by omitting the conventional lithographic process.!'*3] During
the approach, the system does not require any hard masks but
instead uses digital image pattern data designed in CAD, which
are then transferred into Si substrates using reactive ion etch-
ing (RIE).[**”] These leaning nanopillars provide stable and repro-
ducible SERS enhancement as they trap analyte molecules at the
hot spots formed within the 20 nm inter-nanopillar gaps, which
can be abridged to 10 nm by sputtering with a metallic coating
such as Ag, producing higher reproducibility and an enhance-
ment factor up to 107 (neatly two orders larger than that of the
bare Au nanopillar arrays).['*®1>%] Taking advantage of this, Ros-
tami et al. developed a Ag-capped Si nanopillar SERS substrate
for the determination of OTA in wine. The fabrication was con-
ducted using RIE over a 4-in. Si wafer and the Ag coating was de-
posited using e-beam evaporation, before placing the SERS chips
into a custom-made measurement chamber on a glass slide. The
SERS procedure was used in combination with high through-
put supported liquid membrane (SLM) extraction to separate two
aqueous phases with different pH. For SERS detection, OTA in
ammonium acidified ammonium hydroxide (AW-AA) (pH 3 us-
ing acetic acid) had good affinity toward the Ag-capped silicon
nanopillars and could anchor to the surface through coordination
or electrostatic interactions. Linearity between increasing Raman
intensity and OTA peak at 1003 cm™! was achieved within the
concentration range of 0.02-1 mg kg~!. The LOD of the SERS
sensor for detecting OTA spiked in white and red wine was cal-
culated as 155 ~and 306 pg kg™?, respectively.[1*’]

5.2. 3D Nanofabrication using Non-lithographic Techniques

Non-lithographic techniques including deposition (inc. sputter-
ing, thermal evaporation, and chemical vapor) and electrochemi-
cal oxidation (inc. anodization) have also been explored to pro-
duce 3D substrates with high reproducibility. These methods
and have been described as cost-effective and high throughput
methods compared to other lithography processes for fabricating
wafer-scale plasmonic substrates.['”] It was reported by Wang
et al. that the high uniformity of densely packed leaning 3D
nanopillars minimized spot-to-spot variations in Raman signal
when Raman mapping is performed. To produce these substrates
Au was deposited using sputtering or thermal evaporation to fab-
ricate 80 nm thick Au nanopillar structures (Figure 8c). Multi-
ple mycotoxins were detected using SERS mapping on 3D plas-
monic nanopillar arrays. A carboxylic self-assembled monolayer
on the 3D Au nanopillar substrate was prepared and immobi-
lized with mycotoxin—-BSA for the detection of three mycotox-
ins: OTA, FMB, and AFB,. The competitive immunoassay re-
ported decreasing Raman intensities with increasing mycotoxin
concentrations and LODs for OTA, FMB, and AFB, were deter-
mined between 5% and 6 ng kg~!. The selectivity was also de-
termined by exposing the technique to three cocktail solutions
with different ratios of the three mycotoxins and the recover-
ies were between 86% and 129%.!1¥”] Additionally, thermal evap-
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oration methods were conducted by Gillibert et al. to produce
glass slides coated with 6 nm of Au. Surface functionalization
with OTA-specific aptamer was conducted and blocking of the
Au surface with 6-mercaptohexanol (MOH) to develop a fast and
highly sensitive SERS approach for detecting OTA. By incorporat-
ing chemometric algorithms, PCA, PLS, orthogonal partial least
squares (OPLS), and a quantitative PLSR, OTA concentrations
could be predicted down to 4 ng kg=1.[1*4]

Plasma-enhanced chemical vapor deposition (PECVD) is a
fast, facile, and highly controllable method for the deposition
of various carbon (C) nanostructures on solid substrates by dis-
sociating the precursor gases at relatively low temperatures.['*!
During PECVD, morphology and growth rate can be controlled
by plasma discharge parameters including gas selection, power
density, substrate material and temperate selection, substrate
position, and treatment time.['®] Using this technique, high-
performing plasmonic substrates (EF SPE = 5 x 107) based on
plasma-grown vertical hollow C nanotubes (CNTs) were fabri-
cated by Santhosh et el. The C structures were grown on nickel
(Ni) film and after 30 min branched nanotubes were transformed
smoothly to a nanoforest-like texture that continued to grow ver-
tically with more intense pillar branching (Figure 8d). The mul-
tiwalled CNTs had an average diameter of 50 nm and were ter-
minated by faceted single metallic Ni particles of ~#30 nm. As Ni
crystals were located at the tip of the C tubes, it is proposed that
the nanostructures were formed by the tip-growth mechanism.
The substrate was employed as a label-free platform to investi-
gate the vibrational features of pure AFB,, FB,, AOH, and ZEN.
Fingerprint spectra were obtained for all four mycotoxins and a
parabolic fit was performed using standard least-squares regres-
sion (LSR), followed by OPLS and PCA to develop statistical mod-
els. The LOD for the technique was determined to be between 1.0
and 3.6 pg kg=1.11%]

Anodic aluminum oxide (AAO) films are formed by the elec-
trochemical oxidation (or anodization) of Al by anodizing in acids
such as, sulfuric, chromic, oxalic, and phosphoric at potentials
ranging from 25 to 500 V. Additionally, a two-step anodization
to produce layers of Al sheets can be conducted using a range
of conditions or repeating the same anodization process.!'®!] For
example, Li et al. conducted a two-step anodization of Al foils
using oxalic acid at 40 V for 4 h and repeated the same condi-
tions for 30 min after washing to fabricate an AAO array. PDMS
was poured onto the surface to form PDMS@AAO and AuNPs
were sputtered onto the surface of PDMS-AAOQ after the re-
moval of the Al base, contributing to noticeable SERS hot spots
and strong enhancement of Raman signals (Figure 8e). The 3D
nanocauliflower-inspired substrate was prepared for the simul-
taneous detection of AFB,, ZEN, and DON with LODs between
2 and 48 ug kg™'. Additionally, spiking different concentrations
into maize samples lead to recovery rates between 93% and 120%
and PCA was applied to effectively differentiate between the three
mycotoxins.*”) A similar method was also reported by Zhu et al.
to obtain Au/PDMS/AAO functionalized with polymers and the
MIP-SERS substrate was applied to detect PAT in blueberry jam,
grapefruit and orange juice'8] (Figure 8f). Additionally, com-
mercially available AAO was obtained by Lin et al. to fabricate
an SERS substrate based on the self-assembly of Au nanobipyra-
mids (Au NBPs) in the nanoholes of AAO (Au NBPs—AAO sub-
strate). Probe molecules (4-ATP and R6G) were added to the
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developed Au NBPs—-AAO substrates and analyzed using a hand-
held Raman spectrometer to examine uniformity, reproducibility,
and SERS intensity using different nanohole depths. The hand-
held spectrometer was used to detect AFB,; concentrations be-
tween 1.5 and 1500 ug kg~! within 1 min by referencing the —H
bending peak at 1442 cm™! and the LOD was calculated to be
0.5 ug kg~!'. Additionally, the technique could distinguish four
AFs (AFB,, AFB,, AFG,, and AFG,) by examining the difference
in maximum peak intensities and was applied to determine AFB,
in spiked peanut samples (3007, 30~, and 3 pg kg™!) with recov-
eries between 106% and 126% and an RSD <10%./13¢] Further-
more, Feng et al. carried out the anodization of Al foils under a
constant cell potential of 27 V in sulfuric acid solution for 2 h at 2
°C, followed by a second anodization using the same conditions
to obtain the porous anodized aluminum (PAA) membrane. Ra-
man reporter 4-ATP and DNA partially complementary to AFB,
were attached to the surface of AgNPs by chemical bonding to
form a 4-ATP-AgNPs-DNA complex and PAA membrane was
functionalized with AFB, aptamer. The PAA surface was modi-
fied with 4-ATP-AgNPs—-DNA though complementary base pair-
ing to form a AgNPs—PAA sensor with strong Raman signal from
reporter 4-ATP. The SERS signal of 4-ATP at 1080 cm™! was indi-
rectly proportional to AFB, concentration and the LOD for AFB,
standard solution and in walnut was 83 ng kg and 9 ng kg™!
using a portable spectrometer, respectively.!'8!

5.3. Assembly of 3D Nanosubstrates Using 2D Materials

Graphene oxide (GO) is a 2D honeycomb-like sheet which con-
sists of a single layer of graphite oxide.l'*) The properties of GO
are strongly dependent on the synthesis method which influ-
ences the number of oxygen-containing groups and number of
GO layers contained within the structure.['®?] Graphite oxide can
be prepared by the oxidation of graphite (a crystalline form of C)
using concentrated acids and strong oxidants using several meth-
ods including the Hummers method(!%*1% and the Marcano-
Tour’s method.[1166] The dispersion and exfoliation of graphite
oxide in water or suitable organic solvent is then conducted pro-
ducing GO.['%7] Advantages of GO include a large surface-area to
volume ratio, high electronic conductivity, stability, and disper-
sion and abundant surface functionalities (e.g., carboxyl, epoxy,
hydroxyl groups) for biomolecular conjugation.*! Thus, GO
can be applied as a practical support to anchor nanomaterials
and has been functionalized previously with metallic nanoparti-
cles, metal oxide nanoparticles, and quantum dots for numerous
applications.[1¢7]

For the determination of ZEN, AFB,, and FB,, Zheng et al.
developed a GO-based 3D Au nanofilm (GO@Au-Au) consist-
ing of three parts: a thin GO@Au nanofilm (400-800 nm) that
serves as uniform inner substrate, a precisely controlled 0.5 nm
polyethyleneimine (PEI) interlayer that acts as a built-in nanogap,
and numerous externally assembled 30 nm AuNPs to provide a
greater surface area and multiple SERS hotspots (Figure 9a). The
properties of the film-type GO @ Au—Au tags include excellent sta-
bility, monodispersity, superior SERS activity, and huge reaction
interface. The materials were demonstrated for the multiplexed
detection of three mycotoxins with LODs within the range of 0.5
6 ng kg™!. Recoveries and RSDs for spiked maize, peanut, lake
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Figure 9. Fabrication of 2D materials using oxidation and etching tech-
niques and their application to mycotoxin detection. a) Schematic diagram
of the fabrication of film-type graphene oxide (GO) @Au—Au SERS nano-
tags and ICA strips for the multiplex detection of AFB,, FB,, and ZEN.
Reproduced with permission.l’#%l Copyright 2022, Elsevier. b) Graphical
abstract of the dual signal-on biosensor based on 2D MXenes functional-
ized with AuNRs for the detection of AFB; using SERS and fluorescence.
Reproduced with permission.!'#2] Copyright 2023, Elsevier. c) Schematic il-
lustration of SERS aptasensor based on MXenes/AuNP dimer assemblies
for AFB, detection. Reproduced under the terms of the Creative Commons
CC-BY license.["] Copyright 2021, The Authors, published by Elsevier Ltd.
d) Schematic illustration of the fabrication of Raman IS-aptasensor based
on MXenes Au—Ag Janus NPs for the detection of OTA. Reproduced with
permission.!#3] Copyright 2019, American Chemical Society.
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and river water samples were within the range of 90-114% and
<13.5%, respectively.['*"] Additionally, Chen et al. developed a ra-
tiometric SERS internal standard (IS)-aptasensor for AFB, de-
tection in peanuts based on a GO-Au@Ag core—shell nanoparti-
cle complex. Raman rep orter 4-MBA was embedded in Au@Ag
core—shell nanoparticles and AFB,; aptamer conjugated to the
Ag shell acted as the signal probe (Au-4MBA@AgNPs-AFB, apt).
AFB, apt was attached to GO modified AuNPs/Indium tin oxide
glass (GO/AuNPs/ITO) via 7—z stacking interaction as a correc-
tive IS and signal amplifier. A decrease in 4-MBA intensity at
1078 cm™! and unchanged GO intensity at 1330 cm™' provided a
negative correlation in the ratiometric value (I, g /Ico) and an
LOD of 100 ng kg~'. The recoveries of the sensor when applied to
peanut samples were within the range of 92-103% with an RSD
of 6-9%.[134]

Although graphene has attracted more attention than any
other 2D material, its simple chemistry and weak van der Waals
bonding between layers in multilayer structures limit its use.
Therefore, using complex or layered structures which contain
two or more elements can offer new tunable properties arising
from their compositional diversity and structural flexibility.!'%!
Currently the number of non-oxide materials that have been
exfoliated is limited to two groups, hexagonal van der Waals
bonded structures (e.g., graphene and boron nitride) and layered
metal chalcogenides (e.g., MoS,, WS,, etc.).[1%] One of the most
promising classes of 2D materials under investigation is the MX-
enes, which are the denomination of several transition metal car-
bides, nitrides or carbonides typically obtained by chemical de-
lamination of 3D ternary (or quaternary) compounds known as
MAX phases.["”%] MXenes, with surface-exposed transition metal
sheets, are synthesized by selective etching of A-group elements
from Al components in the MAX phase, using strong acids and
exfoliation techniques. For example, Ti;C, layers and conical
scrolls have been used to produce MXenes by exfoliating Ti;AIC,
in hydrofluoric acid at room temperature.['%31%] MXenes have
a unique combination of properties derived from their complex
bonding (a mixture of metallic and covalent bonds) and electronic
structures, atomic stacking, synthesis routes, and surface ter-
minal groups.['”% These include the high electrical conductivity
and mechanical properties of transition metal carbides/nitrides;
functionalized surfaces that make MXenes hydrophilic in na-
ture and ready to bond to various species; high negative zeta-
potential enabling stable colloidal solutions in water; efficient
absorption of electromagnetic waves, high thermal stability, and
surface area, which have led to numerous applications.!'!]

For the determination of AFB,, Wu et al. combined both top-
down and bottom-up synthesis techniques. First, MXenes were
obtained by etching the Al component of Ti;AlC, powders in hy-
drochloric acid (HCI). This was followed by the functionalization
of MXenes with AuNR substrates through electrostatic interac-
tions for SERS signal amplification (Figure 9b). AFB,; was quan-
tified with a detection limit of 0.13 ng kg™' by integrating Ra-
man and fluorescence and recovery values of 89-107% were ob-
tained in peanut, maize, and badam (aka almond kernel) using
the approach.['*] Additionally, Wu et al. exploited AuNP dimers
and MXenes (Ti;C,T,) SERS substrates obtained via selectively
etching the Al component of Ti;AlC, powders. The substrates
were applied for detecting AFB, using a ratiometric SERS-based
aptasensor (Figure 9c). During the procedure, 1,2-bis(4-pyridyl)
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ethylene (BPE) interacted with AuNPs through Au—N bonding to
trigger the assembly of AuNP dimers to form intense hot spots.
Thiol-modified aptamers were immobilized onto the surface of
AuNP dimers through Au—S bonds and MXenes nanosheets
could bind to the aptamer-modified AuNP dimers due to hydro-
gen bonding and chelation between the phosphate groups of ap-
tamers and the Ti ion of MXenes. The quantitative analysis of
AFB, was based on the SERS ratio between AuNP dimers and
MZXenes (I;405/1;,3), which was negatively correlated to the AFB,
concentration. An LOD was calculated as 600 ng kg=! with an
average RSD of 6% and the recovery rates in spiked peanut sam-
ples ranged from 89% to 102% with RSD values of 4-9%.1411 A
ratiometric SERS aptasensor based on IS methods was developed
for the detection of OTA by Zheng et al. who fabricated Au-Ag
Janus nanoparticles assemblies with MXenes nanosheets to gen-
erate unique and stable Raman signals (Figure 9d). The assem-
bly formation relies on hydrogen bonding and the chelation re-
action between MXenes nanosheets and OTA aptamers. In the
presence of OTA, Au—Ag Janus NPs are dissociated from the
MXenes nanosheets due to the formation of aptamer/OTA com-
plexes. This concentration-dependent behavior achieved an LOD
of 500 ng kg~! for OTA and recovery rates in red wine between
93% and 97% with an RSD of 3%.['43]

6. Application of Molecular Binders for the
Detection of Mycotoxins

Detection limits and selectivity of SERS can also be modified
or tuned by functionalizing substrates with mycotoxin specific
molecular binders, such as antibodies or aptamers. Aptamer-
based detection or aptasensors are commonly employed to min-
imize matrix interferences and improve selectivity due to the
highly specific binding that can be achieved with target myco-
toxins. Despite the complex design of aptamers, they may be
preferrable for SERS due to their high stability, longer shelf-
life, and their inexpensive, rapid production in comparison to
antibodies.['”?] Additionally, in contrast to commercialized col-
orimetric or enzymatic-based approaches, SERS can already of-
fer several advantages including an unique spectral fingerprint
for each analyte, multiplex detection capability with a single exci-
tation laser, high sensitivity, rapidity, and accuracy.!**73] There-
fore, SERS-based tests have the potential to become a signifi-
cant upgrade on the traditional commercialized tests including
enzyme-linked immunosorbent assays (ELISAs) and lateral flow
tests (LFT5). The methods exploiting recognition elements (inc.,
aptamers and antibodies) for mycotoxin detection will be dis-
cussed in the following sections.

6.1. Aptamers

Thiolated aptamers are short synthetic oligonucleotides (~20-
100 nucleotide bases) designed to interact strongly with the sur-
face of nanomaterials through Au—S bonds and can bind to a
target molecule by their unique 3D structure with high affin-
ity and specificity.['’* For the detection of mycotoxins, AuNRs
have been previously functionalized with CTAB and thiolated
aptamers (ssDNA) to detect OTA. First, CTAB-AuNRs and ap-
tamers were incubated for 1 h and second mixed with OTA so-
lutions for 2 h, prior to SERS analysis. Uand an LOD for OTA
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Figure 10. SERS aptasensing assays for the determination of mycotoxins in solvent and food matrices. a) Schematic diagram of SERS detection of
OTA standards using Cy5-labeled aptamer on AgNPs. Reproduced with permission.['%7] Copyright 2014, Royal Society of Chemistry. b) Schematic rep-
resentation of the universal SERS aptasensor designed for the trace level detection of AFB, in peanut oil. Reproduced with permission.l'% Copyright
2017, Elsevier. ) Fabrication of a Au film-Au@Ag Raman IS aptasensor for the determination of OTA in red wine. Reproduced with permission.[108]
Copyright 2020, American Chemical Society. d) Schematic of nanozyme-linked apta-sorbent assay (NLASA) for the detection of OTA in red wine and
grapes. Reproduced with permission.l"2] Copyright 2022, Royal Society of Chemistry. e) Schematic illustration of an SERS aptasensor based on the
exonuclease-assisted recycling amplification of DNA for the detection of AFB; in peanuts. Reproduced with permission.[®®] Copyright 2017, Elsevier.
f) Schematic illustration showing the working principle of SERS sensor based on Exo |1l assisted double amplification strategy for target related-signal
amplification and the detection of OTA in red wine. Reproduced with permission.l'%! Copyright 2020, Elsevier.

was determined as 0.40 mg kg~'.[”! Aptamers have also been
modified with Raman active dyes to indirectly monitor changes
to the signal intensity acquired using SERS. As aptamer-specific
recognition interactions occur with increasing mycotoxin con-
centrations the dye is released from the nanomaterial surface
thus, leading to reduced Raman signals. Using this inverse ap-
proach, a simple and low-cost SERS-based technique was devel-
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oped for the detection of OTA using AgNPs functionalized with
aptamers (Figure 10a). In the absence of mycotoxin, AgNPs func-
tionalized with Raman reporter Cy5-tagged OTA aptamers pro-
duce strong SERS signals. However, in the presence of OTA,
binding is hampered leading to a decrease in SERS intensity
by ~40% and detection limits for OTA standards of 40 pg kg~!
could be obtained. Although the approach was not tested in
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matrix conditions thus, binding interferences could not be
assessed.!1”]

For real samples, an aptasensor was first developed for the de-
tection of AFB, in peanut oil. SERS substrates were based on
amino-terminal aptamer conjugated magnetic beads (CS-Fe;0,)
and DTNB-labeled Au nanotriangles (GNTs)/Ag core—shell nano-
triangles (GDADNTS) and applied as capture and reporter probes
for AFB,, respectively (Figure 10b). Detection was performed in
solution and afterward dried onto a Si wafter for analysis. Under
optimized conditions the assay showed good sensitivity with an
LOD of 500 ng kg~'. The spiked recoveries for AFB,; (1-100 ng
kg™!) from real peanut oil samples varied between 95% and
109%.1192] Additionally, the same research group synthesized an
IS aptasensor to further enhance the sensitivity of OTA detection
in red wine (Figure 10c). Substrates were formed through the hy-
bridization of modified aptamers on Au@Ag core—shell nanopar-
ticles and Au films on a Si surface. The procedure took advantage
of 4-ATP and 4-NTP as a Raman reporter and IS, resulting in
strong SERS signals at 1078 and 1335 cm™, respectively. The in-
tensity ratio of 1078 and 1335 cm™' was taken to quantify the OTA
concentration in a ratiometric manner (1,4 /I;355). The detection
of OTA was reported with an LOD of 2 ng kg™' , recoveries in red
wine within the range of 96-97% and a SD within 29./1%¢]

Dual-mode assays employing aptamers have been reported as
a more reliable and accurate approach compared to applying a
single-mode or SERS-based assay alone, as two techniques can
be used for quantification. An aptamer-based assay combining
both SERS and fluorometry was developed for the determina-
tion of FB, in corn. The surface of platinum (Pt)-coated AuNRs
is immobilized with complementary aptamer DNA (cDNA). In
the absence of FB, the aptamer of FB,; modified with the fluores-
cent dye Cy5.5, hybridizes with cDNA resulting in strong SERS
and weak fluorescence. As the concentration of FB, increases the
opposite effect occurs and the SERS and fluorescence signals be-
gin to decrease and increase, respectively. The LOD for FB, was
3 ng kg~! using SERS and 5 ng kg~! for fluorescence and the
recoveries in corn ranged from 92% to 107%, which were com-
parable to the LC-MS/MS recoveries of 91-106%.!%%] The same
research group also reported a triple-mode aptasensor for the si-
multaneous detection of ZEN, OTA, and FB, in spiked corn based
on SERS and fluorimetry. For the sensor, ZEN aptamer-modified
upconversion nanoparticles, Cy5-modified OTA aptamer, and
AuNPs were modified with Raman reporter 4-MBA and cDNA,
or FB, aptamer. In the presence of FB,, FB, aptamer modified
AuNP separated from the trimer assembly leading to a decrease
in SERS signal. The LOD of the developed aptasensor for ZEN,
FB,, and OTA was calculated as 30, 0.02, and 10 ng kg™!, re-
spectively, and the recoveries in corn were within the range of
90-107%.1113] Furthermore, a dual-mode sensor based on col-
orimetry, and SERS was reported using a nanozyme-linked apta-
sorbent assay (NLASA) for the detection of OTA in red wine
and grapes using a portable Raman spectrometer (Figure 10d).
The NLASA system consisted of palladium (Pd)-Pt bimetallic
nanocrystals, which could catalyze the conversion of substrate
3,3',5,5 -tetramethylbenzidine (TMB) to an oxidized blue colored
product. The Pd—Pt nanocrystals and MNPs were functionalized
with aptamers as recognition and capture probes, respectively.
After mixing, the probes were washed using an external magnet
and incubated with OTA at varying concentrations, followed by
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TMB and AuNPs to initiate the catalytic reaction. The LOD for
OTA using the colorimetric and SERS approach was 0.039 ~“and
0.017 pg kg1, respectively. Recoveries and RSDs for red wine and
grapes were in the range of 83-95% and 1.3-9.5% for the SERS
method, respectively.

Exonuclease III (Exo III) is a sequence-independent nuclease
that specifically hydrolyses mononucleotides from its blunt end
(5’-overhangs or nicks of duplex DNA),'”%) gradually catalyzing
the stepwise removal of mononucleotide from the 3'hydroxyl ter-
mini of duplex DNAs and releasing the complementary strand
intact.['7%! The advantage of incorporating Exo III is that the se-
lective nucleotide digestion may be utilized as a catalytic tool for
DNA amplification thus, leading to the recycling of recognition
events, significant enhancement of detectable signals and higher
sensitivity.[*) An SERS-based aptasensor was developed based
on the exonuclease-assisted recycling amplification for the de-
termination of AFB; in spiked peanut samples (Figure 10e). On
recognition of AFB,, the aptamer was released and immediately
hybridized with hairpin DNA on the surface of Au coated glass
slides. Exonuclease III hydrolyzed the dsDNA, leaving short ss-
DNA on the Au surface and releasing complementary DNA for
the next ring opening and digestion. SERS tags prepared using
AuNPs and 4-NTP were captured on the Au surface by hybridiza-
tion, thus high selectivity, and sensitivity for AFB, was achieved.
The LOD for the aptasensor was 0.4 pg kg! and the recover-
ies for peanut samples were in the range of 89-121%.1°! Addi-
tionally, Exo III was also employed in an assisted double am-
plification strategy for the detection of OTA in spiked red wine
samples (Figure 10f). The procedure was based on target related-
signal amplification, combined with core—satellite assemblies for
the formation of “hot-spot” induced signal amplification. Core—
satellite assemblies were fabricated by modifying 100 nm quasi-
spherical AuNPs with DNA-S1 on a Si substrate to produce SERS
substrates. The SERS nanotag was produced by functionalizing
AuNPs with DNA-S2 and R6G. Exo III digests cDONA-DNA from
DNA-1 thus, releasing cDNA and DNA-2, which is used to link
the core—satellite assemblies. In the presence of OTA, the dis-
tance between the nanoprobe and substrate is increased thus, the
SERS intensity of R6G at 613 cm™! is reduced due to decreasing
hot spots. An LOD of 0.8 pg kg™' was reported and recoveries in
red wine were within the range of 96-106% with an RSD between
6% and 9%.11]

Furthermore, Exo Ill-assisted target cycle amplification com-
bined with the SERS enhancement of Au nanostar-Au core—
shell nanostructures led to a remarkable increase in sensitivity
for the detection of OTA in spiked red wine samples. The “turn-
on” mode SERS aptasensor was developed by fabricating 4-MBA-
labeled AuNS as the core, followed by the growth of a Au layer us-
ing ascorbic acid (AA). The structure was employed as a Raman
reporter and the SERS nanoprobe was prepared by immobiliz-
ing signal DNA (sDNA) to the surface of the AuNS@4-MBA@Au
core—shell nanostructure (sDNA-modified AuNS @4-MBA@Au)
and hairpin DNA (HpDNA) to streptavidin magnesphere para-
magnetic particles (PMPs) (HpDNA-modified PMPs). The pro-
cedure involves the hybridization of OTA-aptamer with cDNA to
form a dsDNA complex. In the presence of OTA standards or a
spiked sample solution, the cDNA is released and hybridized to
form dsDNA in the presence of HpDNA-modified PMPs. The 3’
end of HpDNA is digested by Exo III releasing cDNA and leaving
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short ssDNA on the surface of PMPs. The released cDNA would
further hybridize with HpDNA to achieve target cycle amplifica-
tion. Finally, the short ssDNA on the surface of PMPs would hy-
bridize with sSDNA on the surface of AuNS @4-MBA@Au to form
assemblies which are analyzed after magnetic separation and the
SERS signal is observed. The intensity could be positively corre-
lated to the concentration of OTA and the LOD of the “turn-on”
aptasensor was determined to be 0.25 pg kg™'. The recoveries
and RSDs in wine samples were within the range of 95-111%
and 11-14%, respectively.[1¥]

6.2. Antibodies

The immobilization of antibodies on the surface of nanomate-
rials is conducted through noncovalent (e.g., electrostatic, hy-
drophobic or van der Waals forces) or covalent interactions. Dif-
ferent chemistries can be used to form covalent bonds due to
the presence of free amines (NH,) and thiol (—SH) groups in
the antibody chain. Commonly carbodiimide chemistry follow-
ing the widely used EDC/NHS coupling method is performed.
During this procedure, an amide bond is formed between the
carboxylic group (—COOH) and the free NH, groups in the an-
tibody and maleimide conjugation with —SH groups. The sen-
sitivity and overall performance of the immunosensor depends
on the correct orientation of the antibody to ensure recognition
sites are accessible. Additionally, a high density of grafted moi-
eties per unit of nanoparticle surface area will help to prevent
nonspecific interactions.['””] Exploiting EDC/NHS chemistry, an-
tibodies were functionalized with bipyramid Au nanocrystal-Au
nanoclusters (BPGN/GNC) as a dual-mode optical probe. The
SERS-fluorescence spectral encoding was used for the simulta-
neous detection of AFB, AFB,, AFG,, AFG,, AFM,, and AFM,.
The technique describes an immunoassay conducted on glass
slides prepared in poly(ethyleneimine) and 2% glutaraldehyde
solution. The sandwich immunoassay was conducted using an-
tibodies specific to each AF, antibody-conjugated BPGN/GNC,
and 4-ATP as a Raman reporter. An LOD of 3 pg kg™! was re-
ported using AF standards and no matrix was tested during the
procedure.[®?]

For the detection in real matrix, a competitive SERS-based im-
munoassay was developed for the detection of ZEA in animal
feed samples (Figure 11a). For the assay, AuNPs were labeled
with Raman reporter 4,4’-dipyridyl and conjugated with ZEA an-
tibodies (ZEA-mAD) and capture substrates were modified with
ZEA-BSA. In the presence of free ZEA, binding with ZEA-mAbs
labeled on AuNPs resulted in enhanced SERS intensity and de-
tection limits of 1 ng kg™ were achieved with an RSD of 7-
13%.11Y7] For multiplexed detection of mycotoxins, a microar-
ray SERS-based immunosensor was developed to simultaneously
detect AFB,, ZEA, and OTA in corn, rice, and wheat. AuNPs
were labeled with Raman reporter dithiobis(succinimidyl-2-
nitrobenzoate) (DSNB) and covalently linked with anti-AFB,,
anti-ZEA, and anti-OTA as SERS nanoprobes. Additionally,
AFB,-BSA, ZEA-BSA, and OTA-BSA were covalently linked
onto a microarray Au-coated glass slide as capture substrates
(Figure 11b). The assay design allowed for three independent im-
munoreactions multiplexed on a single Au chip and after opti-
mization the LODs for AFB,, ZEA, and OTA were between 0.053
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and 0.29 ug kg™ and recoveries in matrix ranged from 84% to
108% with a CV below 15%.1”] Additionally, a multiplex SERS
array based on AuNPs-loaded inverse opal silica photonic crys-
tal microshere was fabricated for the detection of three myco-
toxins: OTA, FB,, and DON in corn, rice, and wheat. The prin-
ciple of this technique relied on three Raman nanotags synthe-
sized by covalently drafting mycotoxin specific antibodies and
noncovalently loading different organic dyes NBA, crystal vio-
let or methylene blue onto the AuNPs as labels to code for cor-
responding mycotoxins (Figure 11c). The LOD was calculated
to be 2 pug kg™ for OTA, 0.2 pg kg™' for FB,, and 70 pg kg™!
for DON and the recoveries were between 71% and 118% and
intra- and intervariation coefficients were calculated between 5%
and 14%.11]

The portable detection of two mycotoxins, AFB; and OTA in
corn, wheat, and rice was reported by Chen et al. who fabri-
cated Au@SiO, SERS nanotags encoded with Raman reporters
(4MBA and DTNB). The nanotags were functionalized with my-
cotoxin specific antibodies to develop an LFA with a single test
line (T line) (Figure 11d). During the competitive immunoas-
say the color change of the T line indicates the presence of tar-
get analytes through visual inspection. Additionally, SERS could
quantify both mycotoxins by measuring the peak intensity from
the T line using a portable Raman spectrometer. The LOD for
AFB, and OTA was 0.24 and 0.37 ng kg™! using the approach
and recoveries from spiked agricultural samples were within the
range of 87-112%.[1%) Furthermore, the multiplexed, portable
analysis of six mycotoxins: AFB;, DON, ZEA, FB;, OTA, and
T-2 in maize samples was developed by Zhang et al. using an
SERS-based lateral flow immunosensor, which utilized dual Ra-
man labels and triple test lines (Figure 11e). In this approach,
two Raman reporter molecules, DTNB and 4-MBA, were used
to label Au@Ag core—shell nanoparticles for the preparation of
SERS nanoprobes. Monoclonal antibodies for each mycotoxin
were conjugated to the DTNB-Au@AgNP (anti-AFB; mAD, anti-
FB, mAb, and anti-OTA mADb) or to the MBA-Au@AgNP (anti-
ZEA mAb, anti-DON mAD, and anti-T2 mAbD). To prepare the
LFT strip, antigens and secondary antibodies were dissolved and
immobilized onto nitrocellulose membrane as capture elements.
Three combinations of antigens (1: AFB,-BSA and ZEA-BSA,
2: OTA-BSA and T2-BSA, 3: FB,-BSA and DON-BSA) were ap-
plied to create three test lines on the nitrocellulose membrane
and goat anti-mouse secondary antibody was applied to the con-
trol line. The LOD for AFB,, ZEA, FB,, DON, OTA, and T-2
were between 1 and 260 ng kg~!. Additionally, the recovery values
were between 79% and 106% and the CV was <16%, highlight-
ing the accuracy of the immunosensor for analysing real maize
samples.[1%

6.3. Molecularly Imprinted Polymers

Molecular imprinting allows the creation of artificial recog-
nition sites in synthetic polymers, tailor-made in situ by
co-polymerization of functional monomers and cross-linkers
around the template molecule. The print molecules are extracted
from the polymer, leaving accessible complementary binding
sites within the polymeric network, and have the advantages
of high selectivity, good predictability, and versatility.[}*$178] The
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Figure 11. SERS-based immunosensors for the determination of mycotoxins in food and feed samples. a) Preparation of SERS nanoprobes and a
competitive SERS immunoassay for the detection of ZEA in feed samples. Reproduced with permission.!'"”] Copyright 2014, American Chemical Society.
b) Schematic illustration of multiplex SERS-based immunosensor for the detection of AFB;, ZEA, and OTA in corn, wheat, and rice. Reproduced with
permission.l%’] Copyright 2018, Elsevier. c) Preparation of SERS nanotags for the immunological detection of OTA, FB;, and DON in wheat, corn,
and rice. Reproduced with permission.['"] Copyright 2022, Elsevier. d) Schematic illustration of the preparation of antibody conjugated nanotags and
the competitive SERS lateral flow assay (LFA) assembly for the simultaneous detection of AFB, and OTA in corn, rice, and wheat. Reproduced with
permission.l'%] Copyright 2023, Elsevier. e) Illustration of multiplex SERS-based lateral flow immunosensor for the detection of six mycotoxins (ZEA,
AFB;, DON, FBj, T-2, and OTA) in maize. Reproduced with permission.['%] Copyright 2020, Elsevier.

detection of PAT was achieved using a molecular imprinted
AuNP (MIP-ir-AuNPs) SERS sensor. To obtain the MIP-ir-AuNP
SERS substrate, AuNPs were first modified with horseradish per-
oxidase enzyme (HRP) (AuNPs-HRP), and the imprinted poly-
mer was synthesized by combining 4-vinylpyridine (4-VP), 1,4
diacryloylpiperazine (PDA) followed by the addition of AuNPs-
HRP. After the addition of PAT, the Raman intensity at 1205
cm~! increased with increasing concentrations, which could be
attributed to the recognition cavities within the polymer shell
offering functional groups to bind with the PAT molecule. The
LOD of MIP-ir-AuNPs for PAT detection was calculated as 800 ng
kg™! demonstrating high sensitivity. Blueberry sauce, grapefruit
sauce, and orange juice were spiked to determine the feasibil-
ity of the MIP-ir-AuNPs in real samples and recoveries were
between 96% and 101%.0*1 Additionally, an enzyme-induced
MIP SERS substrate for the determination of PAT was devel-
oped. The solid substrate was prepared using PDMS solidified
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on AAO to form a flexible transparent elastomeric polymer.
After removal of Al, the template was sputtered with AuNPs
to obtain Au/PDMS/AAO SERS substrate and HRP was im-
mobilized on the surface. The MIP-SERS substrate was pre-
pared using 4-VP as a functional monomer, PDA as a cross-
linker, and PAT as a template. After the optimization of sol-
vent, pH and incubation time the LOD for PAT using the MIP-
SERS substrate was 10 ng kg~!'. Reproducibility and stability
tests were performed using SERS signals from five different
batches of the MIP-SERS substrate and the RSD was ~5%.
The applicability of the SERS substrate was confirmed using
spiked blueberry jam, grapefruit jam, and orange juice with
recoveries between 96% and 113% and an RSD of 5-8%./14
In both works, the MIP-SERS substrate also demonstrated
high selectivity for PAT by testing in the presence of interfer-
ences including 2-oxindole (OXD) and 5-hydroxymethylfurfural
(5-HMF).
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6.4. Other Affinitive Binders

The surface functionalization of nanomaterials applies to the use
of covalent and noncovalent bonds to integrate organic (e.g., cit-
rates, phosphates, amines, thiols, and polymers including chi-
tosan, PEG, dextran, streptavidin) and inorganic (e.g., silica, met-
als, and metal oxides) molecules at the nanoscale.['7?! For the first
time, AOH concentrations were determined in pear fruit using
AgNP substrates modified with pyridine to improve affinity in-
teractions between AOH molecules and the surface of the Ag-
NPs. The SERS method performed satisfactorily with an LOD of
1.3 pg kg~! within the concentration range of 3-316 pg kg~!. Ad-
ditionally, the approach was applied to detect AOH residues in
pear fruit purchased from markets and pear fruits that were artifi-
cially inoculated with Alternaria alternata. AOH was not found in
any of the analyzed fresh fruit but resided in both the rotten and
inoculated fruits. The recoveries ranged from 70% to 111% while
RSDs were assessed using five replicates of the same spiked sam-
ples and were between 14% and 18%.57]

The functionalization of SERS substrates with polymer affinity
agents (PAA), poly(N-(2-aminoethyl methacrylamide) (pAEMA)
and poly(2-hydroxyethyl methacrylate) (pHEMA) have been ex-
plored alongside isothermal titration calorimetry (ITC) as an
affinity screening method for AFB,. Different polymer chain
lengths were studied as AFB, capture agents using both ITC
and SERS. Au film over nanospheres (FONs) were applied as
stable SERS substrates and were functionalized with PAAs. In-
trinsic vibrational bands attributable to AFB; upon interaction
with substrate-bound affinity agents were examined. DFT and
PCA were also performed to determine clustering and separation
and to identify spectral differences between the polymer, poly-
mer in solvent, and the polymer exposed to 50 mg kg~' of AFB;.
The results also determined that pHEMA performed better than
pAEMA as an SERS capture substrate.’] Further work by the
same group explored the use of a new PAA, poly(N-acryloyl glyci-
namide) to directly detect AFB, using a FON wafer as an SERS
substrate. The FON was fabricated using nanosphere lithogra-
phy and serves as anchoring substrates for PAA with different
chain lengths to capture AFB;. It was hypothesized that a surface-
bound polymer may lack sufficient conformational mobility to
enable optimal target binding. Therefore, the interactions were
first applied in solution prior to adding to the Au FON surface.
Coupling capture agents combined with ITC and computational
analysis (one-way ANOVA and Tukey post hoc) allowed an LOD
of 10 pg kg! to be determined.l®*] Additionally, the detection of
DON and OTA was explored by capturing mycotoxins on a lin-
ear methacrylamide PAA. The advantage of applying PAA inter-
actions in solution, is that it is more flexible thus, enabling op-
timal polymer—target binding. DFT was exploited to predict the
vibrational information of the mycotoxins and the association be-
tween polymer, target, and FON. DON and OTA were detected
at 1 mg kg™! and 5 pg kg™, respectively, both individually and
simultaneously and were visibly distinguishable without chemo-
metric analysis."'!] This work highlights the importance of sur-
face functionalization to help facilitate binding interactions with
the nanomaterial surface and improve detection sensitivity, se-
lectivity, and reproducibility, particularly when chemometrics are
not being exploited.
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7. Chemometrics and Machine Learning for the
Detection of Mycotoxins

It can often be difficult to decipher differences in sample spec-
tra by eye, particularly when analysing complex food or feed ma-
trices, where interfering compounds may also mask the SERS
signal from target mycotoxins. This becomes even more chal-
lenging when multiple contaminants share similar structures or
when the target contaminant is present at extremely low levels.
Additionally, variations in the orientation and proximity between
the target molecules and the SERS substrates further compli-
cate the detection process. Chemometrics use multivariate sta-
tistical methods to extract chemical information from high di-
mensional data. For example, observing differences in sample
spectra or detecting contaminants at trace levels. Sensitivity and
sample handling procedures often receive much attention from
researchers and industry alike. However, the implementation of
novel data processing methods including chemometrics (e.g.,
PCA, PLS, and MCR) and machine learning techniques (e.g.,
support vector machine (SVM), artificial neural network (ANN),
random forest (RF), convolutional neural network (KNN)) are
now at the forefront of research to overcome some of the com-
mon challenges faced during SERS-based procedures. The most
common artifacts in SERS are baseline deviations, fluorescence,
misalignment, and noise resulting from spectral overlap, sup-
pressed SERS signal in complex matrices, and poor sensitivity at
trace levels.!'8] Powerful statistical methods are often required to
distinguish minimal key differences and features in spectral in-
formation that cannot be ascertained though visual inspection.
There are several key stages to developing robust chemomet-
ric models including data preprocessing, generation of qualita-
tive or quantitative models and validation of models using exter-
nal datasets (those which have not been required to build the
model).[’®1] Those studies which have investigated SERS com-
bined with chemometrics for the determination and differenti-
ation of mycotoxins are highlighted in Table 4.

For the determination of mycotoxins, spectral pre-processing
methods such as multiple scattering correction (MSC), Savitzky—
Golay (S-G), standard normal variate (SNV), and 1st and 2nd
derivatives, followed by unsupervised (e.g., PCA) and super-
vised (e.g., OPLS, PLS and BP-AdaBoost, KNN, LDA) classifica-
tion modeling or regression/quantification modeling (e.g., MLR,
PLSR, and PCR) have all been explored. The typical experimen-
tal procedure for SERS and the process for developing statistical
models using chemometrics or machine learning are summa-
rized in Figure 12. The pre-processing of spectral information
prior to the development of models normally involves smooth-
ing, light-scattering correction, spectral baseline correction and
normalization.'82] S—G filtering can help to smooth Raman spec-
tral information and improve signal-to-noise ratio thus, helping
to retain useful spectral information.['®¥] MSC and SNV are two
light-scattering correction techniques conducted to amplify de-
sirable information in the spectra, whilst also reducing undesir-
able information, thus differences relating to the chemical na-
ture of the sample can be observed clearly."®] Spectral differen-
tiation methods including, 1st and 2nd derivatives can help to
eliminate baseline drift and other background interferences thus,
strengthening characteristic bands and improving overlapping
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Table 4. SERS approaches exploiting chemometrics and machine learning algorithms for mycotoxin determination.
Mycotoxin SERS substrate Chemometric analysis Matrix Validation Portable Refs.
(Y/N)
AFB,, AFB,, AFG,, Ag nanosphere PCA, PLS, KNN, LDA, MLR, Maize LOD = 13-36 nug kg’1 N [72]
AFG, PCR, PLSR
FUMs Ag dendrites KNN, LDA, PLSDA, PCA, Maize (naturally LOD = 1-209 mg kg' N [47]
MLR, PLSR contaminated)
AFB,, DON, ZEN AuNPs and PCA Maize LOD = 2-48 g kg™’ N [49]
polydimethylsiloxane
coated AAO RSD = 5%
(PDMA@AAOQ) complex
Recovery = 93-120%
OTA, AFB, AgNPs with different pH GA-PLS, CARS-PLS Cocoa beans LOD =3-4 ng kg™' N [95]
Recovery = 97-119%
CV=1-7%
OTA AgNPs and Au slide PLS Wine, wheat LOD =0.01-1 mg kg~! N [73]
CV =2-4%
AFB, Pre-etched Ag nanocluster DFT, PLS, BP-AdaBoost Peanut oil LOD =5 pg kg™! Y [106]
Recovery = 90-113%
RSD = ~5%
PAT, AOH Gold nanorod (AuNR) DFT, PLS Apple juice LOD = 1pgkg™! N [119]
LOD matrix =
1 mg kg™
Recovery = 82-115%
DON AgNPs DFT Corn, oats, kidney beans LOD =30 pg kg™! Y [116]
(naturally contaminated)
LOD matrix =
0.3-30 mg kg™!
AFB,, AFB,, AFG,, Gold nanoparticles DFT Peanuts LOD = 2-4 mg kg~! Y [70]
AFG, (AuNPs)
Recovery = 88-114%
AFB,, AFB,, AFG,, Silver nanorod (AgNR) PCA, DFT Solvent LOD = 1.6-33 mg kg~! N [42]
AFG, array
Citrinin AgNPs DFT Solvent LOD = 0.25 mg kg™! [57]
AFB, Au film over nanospheres PCA, DFT Solvent LOD =50 mg kg™! N [93]
(AuFONs)-anchored
polymer affinity agents
OTA Thermal evaporation of Au PCA, OPLS, PLS Solvent LOD =4 ng kg™! N [144]
on glass slide
AFB, Film over nanosphere DFT Solvent LOD = 10 pg kg™! N [94]
(FON) wafer and linear
polymer affinity agent
DON, FB, Nanopillar arrays PCA Solvent LOD = 1-1.25 mg kg~! N [146]
fabricated by two-photon
polymerization
DON, OTA Film over nanospheres DFT Solvent LOD = N [117]
(FON's) and linear 0.005-1 mg kg™
polymer affinity agents
AFB;, ZEN, AOH, Carbon nanostructures PCA Solvent LOD = 1-3 ug kg™! N [135]
FB,
OTA Label-free Au nanoprism PLS Coffee, wheat 10 ug kg™! Y 771
aptasensor
(AUNT@Apt@MPA)
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Figure 12. Summary of the overall SERS experimental procedure and development of models using classification and regression algorithms to determine

mycotoxins in food and feed.

bands, which is crucial to find the distinctive features amongst
the Raman spectra of a complex sample.[1#]

Supervised models can be split into either classification tech-
niques or regression models, which are required to make qual-
itative and quantitative predictions, respectively.['®] Classifica-
tion modeling can be further split into unsupervised or super-
vised methods. Unsupervised methods are based on the identi-
fication of sample interrelationships without prior information
about class membership.['®] PCA reduces the dimensionality
of the data by identifying the principal components (PC) with
the most variance (e.g., PC1 and PC2). It does not utilize labels

Adv. Mater. 2024, 2309625 2309625 (26 of 46)

or user-defined information but can be used as an exploratory
type of analysis to visualize similarities and differences between
groups of data. Thus, allowing relationships, structure, group-
ing, separation, and outliers to be easily detected.'8>187] How-
ever, as PCA can only be used to explore original trends in the
data it cannot be used to make predictions on new external obser-
vations. Supervised techniques including LDA, PLS-DA, and or-
thogonal partial least squares-discriminant analysis (OPLS-DA)
consider information about the membership of samples to a cer-
tain group (class or category), with all samples labeled prior to the
generation of prediction models. Thus, unknown samples can
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Figure 13. Computational and chemometric modeling techniques exploited for the determination of mycotoxins using SERS. a) DFT calculated Raman
spectra of AFs. Reproduced with permission.[”%] Copyright 2018, Elsevier. b) PCA score plot of four AFs. Reproduced with permission.[*?] Copyright 2012,
Royal Society of Chemistry. c) SiPLS and GA-PLS modeling for the quantitative detection of PAT and AOH, respectively. Reproduced with permission.[11°]
Copyright 2021, Elsevier. d) OPLS score plot for the determination of OTA at different concentrations. Reproduced with permission.l'#4] Copyright 2017,
Royal Society of Chemistry. €) PCA of mathematically produced vibrational spectra of ZEN, ALT, FB,, and AFB;. Reproduced with permission.[133]

Copyright 2021, John Wiley & Sons.

be classified as one of the known classes based on their chemi-
cal composition.!'8] Predictions on external or unknown datasets
can be obtained through cross-validation strategies. Additionally,
regression models including MLR, PCR, and PLSR are used to
study the linear relationship between a group of independent
variables and a dependent variable, or set of dependent variables,
and are intended to facilitate the quantitative analysis of target
analytes.[18]

DFT is a computational quantum mechanical modeling pro-
cedure used to determine the theoretical distribution of Raman
scattering peaks. It allows important information to be obtained
regarding spectral positions, spectral shifts in respect to nor-
mal Raman bands, intensities of the observed bands, identifi-
cation of molecular sites involved with specific interactions and
information on the nature of the surface active sites.l'”) DFT
has previously been exploited to investigate the theoretical spec-
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trum of mycotoxins; CIT,”!] AFs!”" (Figure 13a), DON,[111116]
and OTA.""!I DFT has also been applied alongside unsupervised
chemometric modeling techniques such as PCA for the determi-
nation of AFB,, AFB,, AFG,, and AFG,[*>* (Figure 13b). Sepa-
ration and clustering could be observed using either 1st and 2nd,
or 2nd and 3rd PCs of the PCA score plot thus, highlighting spec-
tral differences between the toxins. Additionally, DFT was em-
ployed to determine PAT and AOH in apple juice. The spectra
was pre-processed using MSC, S—G smoothing, SNV, 1stand 2nd
derivative prior to the development of algorithms synergy interval
(Si)-PLS, genetic algorithm (GA)-PLS, and UVE-PLS. Comparing
PLS models, the best performance was obtained using Si-PLS (R,
= 0.9905, R, = 0.9759) and GA-PLS (R, = 0.9829, R, = 0.9808)
for PAT and AOH, respectively!'"®! (Figure 13c). Furthermore, the
SERS spectra of peanut oil were recorded, and its respective the-
oretical spectrum was calculated by DFT to assign characteristic
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peaks to AFB,. Spectral pre-processing methods SNV, 1st deriva-
tive and 2nd derivative were conducted to eliminate or minimize
interferences within the raw spectra, followed by multivariate
calibration methods linear PLS and nonlinear BP-AdaBoost for
chemometric modeling. The PLS model gave a high RMSEP lead-
ing to low prediction accuracy. BP-AdaBoost exhibited optimum
prediction ability (R, = 0.9283 and 0.9332) within the concen-
tration range of 5-100 and 100-1000 ug mL~".1"%] Those which
have exploited DFT and statistical models have typically used less
complicated SERS substrates mainly fabricated of Aul’%!'*! or
AglP18] using bottom-up approaches. These substrates can be
more prone to interferences from nontargeted compounds, ma-
trix effects, and reduced sensitivities as the particles are left bare
or unfunctionalized. Therefore, to help determine the spectral
features of target analytes within a complex matrix, theoretical
modeling techniques are advantageous.

For singleplex applications, OTA in solvent was not distin-
guishable by eye but could be determined using statistical mod-
els PCA, PLS, and OPLS!"™ (Figure 13d). The R? and Q? val-
ues for the developed OPLS model were 0.990 and 0.897, re-
spectively, indicating that the model is robust and does not de-
pend on the dataset. Additionally, OTA could be determined in
wine and wheat by employing PLS regression models to ana-
lyze results and decipher the obtained spectral information, with
a correlation factor and CV between R = 0.9257-0.9938 and 2-
4%, respectively.”! Additionally, OTA was determined in coffee
and wheat samples by pre-processing the spectra using S-G and
2nd derivative smoothing, MSC normalization and GLSW de-
cluttering, followed by the development of a calibration curve us-
ing PLS regression. Acceptable predicted values (R? cal = 0.999)
and blind cross-validation (R? CV = 0.917) were obtainable using
these modeling techniques.””) Furthermore, DON and FB,; could
be determined in ACN using unsupervised PCA modeling with
86% variance and the two mycotoxins could be identified using
the 2nd and 3rd PCs.[***] However, a common issue for SERS is
spectral overlap within complex mixtures. Therefore, multiplex
applications requiring the identification of two or more mycotox-
ins within a mixture may benefit further by exploiting statistical
algorithms.

The rapid detection of four mycotoxins AFB, AFB,, AFG,, and
AFG, in maize was one of the first methods to confirm its practi-
cality in matrix conditions alongside the development of models
KNN, PCR, PLSR, and MLR.”?! For classification, KNN along-
side four pre-processing techniques was applied to the Raman
shift region 400-1800 cm~!. KNN was selected as it outperformed
other chemometric methods including LDA, PLS, and PCA in
other studies performed by the authors. The KNN models which
offered the highest level of classification accuracy in determin-
ing AF contaminated samples were obtained using normalized
(82.9%) and deconvolution (91.4%) spectral data. While those
developed using 1st (74.3%) and 2nd (71.4%) derivatives expe-
rienced higher error rates in terms of misclassification rate. To
quantify levels of AF, MLR led to a substantial improvement in
regression quality, predictive accuracy, and lower error rate than
other chemometric models, while PCR demonstrated less satis-
factory results compared to MLR and PLSR models. The MLR
models demonstrated higher p values and stronger correlation
coefficients (r = 0.906-0.967) with the HPLC reference values
than PLSR and PCR models, indicating that the MLR models
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produced more comparable results to the HPLC method at the
AF levels tested. The LOD and LOQ of the MLR model were
within the range of 13-36 and 44-121 ug kg!, respectively, in-
dicating that the models are more sensitive for the quantifica-
tion of AFs in maize. Additionally, two chemometric algorithms
were developed for the prediction of OTA and AFB, in spiked
cocoa bean samples. The acquired spectra were pre-processed
using SNV, MSC, and 1st derivative followed by GA-PLS and
CARS-PLS for model development. All GA-PLS and CARS-PLS
models achieved high-prediction performance for OTA and AFB,
in standards and real samples with RPD values above 3. How-
ever, CARS-PLS was determined as a better alternative due to
its faster data processing speed (4.07 s) compared to GA-PLS
(2.5 min).%] Furthermore, the fingerprint spectra for AFB,, ZEA,
ALT, and FB, were obtained mathematically and exposed to pre-
processing to smooth and subtract the baseline, followed by a
parabolic fit using standard LSR, OPLS, and PCA to develop
statistical models!'3’! (Figure 13e). Unsupervised PCA models
have been successfully applied to identify and differentiate AFB,,
ZEN, and DON in maize.[*”! In addition, an accelerated spectro-
scopic method to detect FB,, FB,, and FB; in maize was devel-
oped using a range of classification algorithms including KNN,
LDA, PLS-DA, and quantification algorithms MLR, PLSR, and
PCR. Chemometric classification exhibited moderately accept-
able correct classification rates of 68-100% for the training set
and 59-85% for the validation dataset. However, the authors
highlighted how challenging it is to improve the models pre-
dictive accuracy and error rate amongst samples with low toxin
concentrations.[*’]

Today this remains a challenging area for SERS, however, this
review also highlights the importance of developing advanced sta-
tistical models to improve detection limits and accuracy within
food and feed matrices. Machine learning algorithms including
RF, SVM, and ANN or CNN have not yet been reported for SERS
and may be the focus of future work to improve model classifica-
tion and prediction. To-date, classification and regression mod-
eling using machine learning algorithms already have the edge
over traditional chemometrics and will undoubtedly progress fur-
ther in the future for low-level toxin detection using spectroscopy.
In addition, the integration of large datasets using several or
different techniques (aka “data fusion”) may provide more ro-
bust and accurate models when combined with machine learn-
ing, than those which are generated using only one analytical
technique.[!%!]

8. Challenges for the Detection and Validation of
Mycotoxins in Food and Feed

A major advantage of SERS is the rapid analysis time compared
to other analytical techniques. To obtain the spectral information
of mycotoxins, procedures are normally conducted in a rapid and
straightforward manner by mixing or drying a volume of stan-
dard or sample extract with a previously fabricated SERS sub-
strate (via bottom-up or top-down approaches, respectively). A
major benefit of using the self-assembly or top-down approach
is the additional SERS enhancement that can be achieved by in-
corporating two or more metallic substrates. Crucially, the first
step of any SERS procedure is to confirm the sensitivity, se-
lectivity, and reproducibility of the technique using mycotoxin
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standards, before the technique is applied to a food or feed
matrix. A summary of validation parameters and their perfor-
mance is highlighted in Table 5 (Table 4 also summarizes valida-
tion parameters for those which have performed chemometrics
and/or machine learning) and will be discussed in the following
sections.

8.1. Sensitivity and Reproducibility

Detection limits were reported by all methods however, the sen-
sitivity is strongly influenced by assay design and the choice of
fabricated substrate. Sensitivity or LOD is defined as the lowest
concentration of an analyte in a sample that can be consistently
detected with a stated probability (typically at >95% certainty).[!%]
Arguably detection limits are the most important and contro-
versial parameter when developing or validating any analytical
method. Many researchers strive to develop techniques, which
rival and improve upon those which already report low LODs. A
challenge is that the maximum limits set by regulatory bodies
for mycotoxins within food and feed are extremely low, therefore
the analytical techniques must be capable of detecting trace lev-
els. Sensitivities ranging from parts per million (mg kg=1),[73111]
parts per billion (ug kg='),[>13¢] parts per trillion (ng kg™1),!113134]
and parts per quadrillion (pg kg=!)[>1%!] have been reported us-
ing SERS, underlining the potential of the technique to detect
extremely low levels of mycotoxins (Table 5). However, unless
these impressive LODs are reported within a food or feed matrix
the relationship between LOD, and regulatory maximum limits
is negligible. Additionally, if the LOD obtained in aqueous or sol-
vent conditions does not meet the maximum limits, the poten-
tial for implementation in a food or feed matrix is also highly
unlikely.[*244]

Methods exploiting particle aggregation to increase localized
hot spot formation and improve sensitivity have been reported in
various formats. For example, the addition of electrolytes such as
sodium chloride (NaCl) increases the number, strength, and lo-
cation of hot spots by shielding the repulsive electrostatic forces
and reducing interparticle distance.'®3] Mycotoxins can become
trapped between adjacent particles more effectively thus, pro-
viding electromagnetic field enhancements. As a result, unique
fingerprint spectra can clearly be obtained and these procedural
steps have been reported for the detection of OTA and AFB,.I*°]
However, exploiting aggregation-based enhancement commonly
involves using bare or uncoated nanomaterials, which can also
result in reduced sensitivity in matrix conditions. For example,
Yuan et al. incorporated salt-induced aggregation of AgNPs to de-
termine DON in naturally contaminated corn, kidney beans and
oats.!'%] The LOD for DON-contaminated corn and kidney beans
was 3 mg kg~! and for DON-contaminated oats was 300 mg kg,
compared to 30 pg kg~! using only DON standard solutions.
Therefore, although detection limits in matrix were reported they
cannot meet the regulatory limits for DON in unprocessed cere-
als within the EU (limits set at 1.25-1.75 mg kg~!). However, the
main advantage of this technique is that the procedure is straight-
forward and involves mixing only AgNPs with DON solutions in
ultrapure water and drying on Al foil, or adding AgNPs directly to
the surface of agricultural products after spiking with DON solu-
tions (to imitate a naturally contaminated sample). Additionally,
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the analysis is rapid and conducted using a portable instrument
making it feasible for on-site use. However, limitations need to be
addressed including improving the reduced accuracies and sensi-
tivities in matrix conditions caused by environmental influences,
and the nonreproducible SERS enhancement witnessed by bare
or uncoated nanomaterials.

In addition to stability issues, SERS applications can often suf-
fer from weak interactions and low affinity between the metallic
surface and target molecules. To overcome this, various function-
alization techniques have been applied to improve detection lim-
its. For example, Pan et al. functionalized AgNP SERS substrates
with pyridine as an attempt to circumvent the weak affinity of
AOH molecules with the AgNPs surface.’’] By functionalizing
the substrate with pyridine, affinity interactions were improved.
In addition, the selectivity of the interactions, the reproducibil-
ity of SERS signals and the stability of the SERS substrate could
also be improved. As mentioned previously, hot spots formed by
particle-induced aggregation can cause issues in terms of repro-
ducibility. Batch-to-batch variation can also occur between nano-
material syntheses, which can be difficult to control thus, fabri-
cation requires skilled personnel to ensure consistency.

Numerous studies also report highly specific interactions with
recognition elements to improve sensitivity and reproducibility.
Commonly the functionalization of core—shell structures with
aptamers have been applied for the detection of mycotoxins in
SERS-based aptasensing applications.®] Chen et al developed
an SERS-based aptasensor by fabricating Au@Ag core—shell NPs
and AuNRs for the detection of ZEN and OTA. The reproducibil-
ity was performed using 20 SERS measurements from the same
spot on the substrate and the RSD was ~4%. Additionally, Zhao
et al. embedded Raman reporters and aptamers specific to AFB,
and OTA onto Ag and Au core—shelled nanoparticles (Ag@Au
CS NPs) and modified MNPs with complementary DNA.[32] De-
spite this being the first report to mention multiplexing during
a SERS-based aptasensor, one drawback of the method is the 2-h
analysis time required to ensure complete recognition between
aptamers and mycotoxins. However, this may be an acceptable
improvement considering the time taken for confirmatory anal-
ysis. Antibodies have been reported to improve the sensitivity,
selectivity, and reproducibility of SERS approaches. Ko et al. re-
ported the first SERS-based sandwich immunoassay for the de-
tection of AFB, with an analysis time of only 30 min.!®3] However,
for these techniques laboratory equipment and skills held by the
end-user are still required to conduct the immunoassay and pro-
duce reliable, repeatable, and accurate results.

8.2. Selectivity

Within a real food or feed sample, the release of nontargeted
compounds from the matrix (i.e., proteins, carbohydrates, sug-
ars, fats, other contaminants) will impact sensitivity. Due to spec-
tral overlap, SERS can often struggle to decipher the spectral fin-
gerprints of several analytes in an aqueous or solvent-based mix-
ture, particularly those with similar chemical structures. There-
fore, it is important to first confirm the selectivity of the method
in the presence of interfering compounds or contaminants be-
fore analysing in a matrix. An example of reduced sensitivities as
a result of matrix effects were previously reported by Guo et al.
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who reported that the LOD of PAT and AOH was three orders of
magnitude higher (1000x) in standard conditions than in spiked
apple juice.['™] Therefore, in this instance selectivity and matrix
effects would need to be addressed as nontargeted compounds re-
leased after conducting SPE may be contributing to the reduced
sensitivities observed in matrix.

The detrimental effect of sample matrix on detection limits
was again highlighted by Rostami et al. who exploited a Ag-
capped Si nanopillar SERS substrate placed in the bottom of a
multiwell platform. The detection of OTA in spiked white and
red wine was performed with LODs of 155~ and 306 pg kg™,
respectively.'*! The decrease in LOD for red wine was due to in-
terferences experienced after extracting nontargeted compounds
from the matrix. Therefore, the SLM extraction performed was
not efficient for removal of residues from red wine. The incorpo-
ration of clean-up steps to reduce matrix effects was suggested,
however this would lengthen and complicate the procedure fur-
ther. A preferred option may be to redesign substrates with en-
hanced stability and selectivity through functionalization of the
NP surface, or modification with recognition elements to help
facilitate nano-toxin interactions.

Selectivity tests have been performed by introducing one to six
different mycotoxins (or other potential interfering compounds)
and their mixtures into the developed SERS procedure or assay.
Selectivity trials are conducted and defined by IUPAC as the abil-
ity to assess “the extent to which the method can be used to deter-
mine particular analytes in mixtures or matrices without interfer-
ences from other components of similar behavior.”"** By doing
so, this ensures that the procedure can be applied to a matrix, as it
has been confirmed that the presence of other mycotoxins or con-
taminants in the food or feed sample will not interfere with the
detection of target analyte. Works which have highlighted high
selectivity are those which commonly rely on highly specific in-
teractions between mycotoxins and recognition elements (e.g.,
aptamers, antibodies) or other affinity binders. The techniques
which have conducted specificity tests are highlighted in Table 6.

8.3. Assessment of Applicability for Detecting Mycotoxins in
Food and Feed Matrices

To ensure the developed SERS procedures are feasible for de-
tecting mycotoxins in food and feed, their applicability is nor-
mally confirmed by spiking samples with different concentra-
tions of mycotoxin standard solutions (ranging from mg kg~!
to pg kg™ level). This is commonly performed in one of two
ways: 1) by directly adding the mycotoxin into a blank food/feed
sample (confirmed prior using confirmatory techniques) fol-
lowed by an extraction, or 2) by directly spiking the sample ex-
tract/supernatant after conducting the extraction procedure (i.e.,
matrix-matched calibration). These type of analyses have been
performed using SERS for the detection of mycotoxins in dif-
ferent commodities including, feed,!””] maize, 1! peanuts,[13]
peanut 0il,l'%?] corn, rice, and wheat,”’! coffee and wine,!814]
soil,['*’] and tap water!® (Figure 14). Although spiking experi-
ments are crucial for validation purposes, spiking samples on-site
would not be performed. Performing validation using naturally
contaminated samples is preferred in most cases, but not one that
is conducted frequently, due to the difficulties obtaining samples
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Table 6. Summary of the SERS techniques performing selectivity tests and the potential interferences tested.
Target analyte SERS substrate Potential interferences tested Refs.
OTA Thermal evaporation of Au on glass slide DON, BSA [144]
FB, Metal-organic framework (MOF-5)-coated SERS active gold gratings Sudan Ill, paraoxon [147]
AFB, Gold nanobipyramids (Au NBPs) within nanoholes of anodic aluminum oxide AFB,, AFG,, and AFG, [136]
(AAO) (Au NBPs-AAO)
PAT Molecularly imprinted polymer (MIP) on Au/PDMS/AAO nanoarray 5-HMF, oxindole [148]
AFB, 4-ATP-AgNPs—DNA assembly on porous anodized aluminum (PAA) membrane ~ OTA, AFB,, AFG, [138]
PAT Gold nanobipyramids 5-HMF, 2-HNA, 2-Oxin, AOH [76]
AFB, AuNPs ZEN, OTA, FB; DON 71
OTA Label-free Au nanoprism aptasensor (AUNT@Apt@MPA) AFB, [77]
OTA Gold@silver nanodumbbell (Au@AgND) OTB, AFB,, ZEN, DON, FB, [871]
OTA, ZEN SH-cDNA-modified gold nanorods and SH-Apt-modified Au@Ag core—shell AFB,, T-2, FB; PAT [86]
nanoparticles
AFB, DTNB labeled GNTs/Ag core—shell nanotriangles (GDADNTs) OTA, AFG, [102]
AFB, Chitosan-functionalized magnetic-beads and AUNR@DTNB@AgNRs OCA, FB, [87]
OTA AU (core) @AU-AG4p,cy Nanogapped nanostructures (NNS) coupled with OTB, AFB,, DON, FB1, ZEN [89]
Fe; O, magnetic nanoparticles by OTA aptamer
AFB, DNA-functionalized Fe; O, @Au nanoflowers and Au-4MBA@Ag nanospheres AFB,, AFG,, AFG, [90]
ZEN Fe;O,@Au MNPs coupled to Au@DTNB@Ag core—shell (CS) NPs AFB,, FB,, T-2, PAT [118]
OTA IS-Aptasensor based on Au-Ag Janus NPs—MXenes assembly BSA, AFB,, FB; MC-LR [143]
OTA Au film-Au@Ag core—shell NP aptasensor AFB,, FB;, MC-LR and BSA [108]
FB, cDNA-modified platinum-coated gold nanorod (AuNR) FB,, FB3, AFB,, ZEN, PAT, OTA [80]
ZEN, OTA, FB, Upconversion nanoparticle (UCNP) and trimer-based aptasensor AFB,, PAT, T-2 toxin [113]
AFB, Au-4MBA@AgNPs-AFBTapt and GO/AuNPs/ITO OTA, AFM;, FB, [134]
AFB, MXene (Ti;C,T,) nanosheets loaded with AuNP dimers AFB,, AFG,, AFG, [147]
AFB, Antibody-conjugated silica-encapsulated hollow gold nanoparticles (SEHGNs) OTA, FMB [83]
and magnetic beads
OTA OTA-BSA-AuNPs (nanotags) and antibody-conjugated (anti-OTA)-magnetic ZEN, AFB, [110]
beads
OTA, FB,, AFB, 3D nanopillar arrays, antibody conjugated SERS nanotags OTA, FMB, and AFB, (different ratios) [137]
AFB,, OTA, ZEN Gold nanotags on a silica photonic crystal microsphere biochip AFG, [103]
OTA, FB,, DON Gold nanoparticles (AuNPs)-loaded inverse opal silica photonic OTA, OTB, AFB,, FB,, ZEN, DON (mixtures) [115]
crystal microsphere (SIPCM)
PAT Molecularly imprinted gold nanoparticle (MIP-ir-AuNP) sensor 5-HMF, OXD [54]
AFB, AuNPs-DNA DON, ZEA, AFM,, AFB,, AFG,, AFG, [96]
OTA AuNanostar@4-MBA@Au core—shell nanostructures (AuNS@4-MBA@Au) OTB, AFB,, AFB,, AFG,, AFG,, ZEN [114]
OTA Quasi spherical AuNPs—DNA AFB,, ZEN, OTB [109]
OTA Aptamer functionalized Pd-Pt bimetallic nanocrystals (Pd—Pt NRs) and AFB,, AFM,, ZEN, DON, FB1, T-2 toxin [112]
magnetic nanoparticles (MNPs)
FB1, AFB,, ZEN Graphene oxide-based 3D Au nanofilm (GO@Au-Au) T-2 toxin, DON, OTA, STR, CAP, OFLX [140]
AFB, MNP@Ag—PE| microspheres AFB,, AFG,, AFG, [105]
AFB, Mesoporous silica nanoparticles (MSNs) and MXenes with gold nanorods AFB,, AFG,, AFG,, and their mixtures (inc. AFB;) [142]

naturally contaminated with mycotoxins. Nonetheless, if natu-
rally contaminated samples can be obtained these would be pref-
erential from a validation perspective, to test and replicate real-
life scenarios. Ideally, mycotoxin analysis should also be per-
formed post or alongside another confirmatory technique. For ex-
ample, some studies have also analyzed the same samples using,
LC-MSI4771,8097,100,101,145] (1. [P CI5457.7276,81-83,114,117,119,141,148] oo
a benchmark to assess the performance of the developed SERS
procedures. Some procedures also compare the performance of
SERS methods to ELISA.[81:86:8.103115118136137.141] Thege compar-
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isons may be beneficial to promote SERS as part of a two-tier
screening system and as a rival to those tests which are already
commercially available. However, for confirmatory, LC-MS/MS
will remain the gold standard due to its high sensitivity, accuracy,
and multi-analyte detectability.

Only three of the reported SERS approaches validated us-
ing naturally contaminated samples of maize,*’] corn, kidney
beans, oats,[''] and apple and pear juicel’®! contaminated with
FUMs, DON, and PAT, respectively. The LODs in matrix for
naturally occurring PAT in rotten apple and pear juice were
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Figure 14. Determination of mycotoxins in spiked matrices using SERS. a) Schematic illustration of OTA extraction from spiked wine with SLM using
the parallel artificial liquid membrane extraction (PALME) setup prior to SERS analysis. Reproduced with permission.['] Copyright 2020, Elsevier. b)
Schematic demonstration of AFB, AFB,, AFG,, and AFG, detection in spiked maize using SERS. Reproduced with permission.l’2] Copyright 2014,
American Chemical Society. c) Principle of a SERS-fluorescence dual-signal aptasensor for the determination of AFB; in spiked peanuts, walnuts, and
almonds. Reproduced with permission.[195] Copyright 2023, Elsevier. d) Schematic process of the optimization of a “coffee-ring” effect for the detection
of AFB; in spiked corn, peanut, and sesame samples. Reproduced under the terms of the Creative Commons Attribution CC-BY license.[®!] Copyright

2020, The Authors, Licensee MDPI, Basel, Switzerland.

reported as 126~ and 78 pg kg™!, respectively, using Au
nanobipyramids as a SERS substrate, which were elevated com-
pared to the LOD of 6 pg kg™ obtained using standards in
solvent.l”®! Despite, this technique making advancements, it is
not currently sensitive enough to meet the EU maximum limits
of 10 ~and 50 pg kg~! for PAT in apple and fruit juices. For corn,
kidney beans and oats naturally contaminated with DON, LODs
between 0.03 and 30 mg kg~! were obtained using AgNPs and
a portable Raman spectrometer.'®! The EU regulatory limits for
DON are 0.75 ~and 8 mg kg™! (in cereal and cereal products) for
food and feed, respectively. Therefore, as the LOD for corn was re-
ported as 0.03 mg kg™! the approach may be accepted for testing
corn intended as a food or feed ingredient. However, as the LOD
for oats was 30 mgkg~!, which is elevated above both the food and
feed EU regulatory limits, the technique would not be acceptable
for testing oats. Additionally, the LOD was not accompanied with
validation data to address any repeatability issues, for example,
CV, RSD, or measurement uncertainty (although this parameter
is not commonly reported for SERS), which makes the LOD less
significant. Nonetheless, it is important to consider that while de-
tectable levels may not be sensitive enough to meet the regulatory
maximum limits for food, they may be accepted for animal feed.
Mycotoxin levels required for feed are generally higher than the
same commodity intended for human consumption, but can also
differ between animal species and the intension of animal pro-
duction (i.e., for meat or dairy). For FUM contaminated maize
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an LOD of 1-209 mg kg~! was obtained using Ag dendrites.!”?]
This approach may be considered acceptable as the EU regula-
tory limit is 1 mg kg™ for maize or maize-based foods intended
for human consumption. Overall, the SERS performance when
quantifying in naturally contaminated matrices should be in sync
with the regulations to be considered as truly acceptable or sen-
sitive enough. To improve detection limits in matrix conditions
it is recommended that substrate fabrication, assay design, and
the incorporation of data analytics and statistical modeling are
considered in the future.

8.4. Substrate Stability

For practical applications, it is important to confirm the stability
of the SERS substrate and sensing platform. All techniques de-
veloped should be tested in a range of storage and atmospheric
conditions to depict real life situations and ensure their feasi-
bility for on-site applications. It has been reported that a com-
bination of nanomaterials may either help, or hinder substrate
stability in different storage conditions. For example, Zhu et al.
reported that the performance of an enzyme induced molecular
imprinted SERS substrates had declined to 80% after two weeks
and to 70% after 30 days.'*®! Additionally, a SERS Au nanoap-
tasensor composed of nanoprisms functionalized with aptamer
and MPA (AuNT@Apt@MPA) only remained stable for up to 14
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days.[”71 Also, the stability of three nanoprobes was evaluated ev-
ery hour for only 4 h and no difference in SERS intensity was
observed.[®] As a commercialized product, the shelf-life of these
substrates would be too short resulting in irreplicable results due
to batch-to-batch variations and high production costs. Therefore,
it would be more beneficial if substrates could be produced and
remain stable for several months.

To verify the stability of GO-Au@Ag core—shell nanoparticle
complex, various storage times (0-14 days), temperatures (20—
60 °C) and salt ionic concentrations (10-50 mm) were assessed
and had little influence on SERS intensity."**] Although dif
ferent environmental conditions were tested, 14 days were the
longest duration tested. However, Yang et al. determined that
GNTs/GDADNTS could remain stable for at least three months
by comparing the SERS spectrum over time.[1%2] Additionally, the
stability of core—shell Ag nanocubes with PDA was assessed ev-
ery 15 days for 3 months with the substrate retaining 88% of its
initial SERS intensity after 90 days.[”®! Furthermore, the stability
of Au-Ag Janus NPs and MXenes nanosheets were determined
under different pH (pH 4-8), temperature (20-50 °C), and stor-
age conditions (0-90 days) and no difference in SERS signal was
observed.'¥¥] A major advantage of these stability tests and SERS
substrates, is that most have been tested over a significant period.
Those which can retain their stability for up to 90 days would be
more realistic for a commercialized product. Additionally, some
have also considered the effects of external influences, complex
environments, and real-life conditions, which ultimately improve
their potential for in-field storage and implementation.

8.5. Portability

The increased commercial availability of portable Raman spec-
trometers has further advanced the on-site potential for SERS
as an in-field test for mycotoxins. This is an obvious advantage
over confirmatory techniques such as LC-MS/MS where instru-
mentation is restricted to the laboratory. In addition to portabil-
ity, it is important for these devices to be user-friendly, rapid,
affordable, and reliable. Typically, in the past the performance
of portable instruments has been poor compared to their labo-
ratory counterpart. However, in recent years technology compa-
nies have focused on improving their hardware, spectral range,
and resolution. Nowadays, some portable devices can rival the
sensitivities of benchtop equivalents whilst, maintaining their in-
field usability, simplicity for non-spectroscopists, optical stability,
and rapid results (either as quantitative values or qualitative deci-
sions; yes/no, pass/fail, etc.). Portable instruments are designed
to allow the spectrometer to be taken to the sample and not vice
versa thus, a result can be delivered at the point of need, which is
extremely valuable for the end-user in terms of cost and time.%8!

Furthermore, algorithms for processing spectral information
are commonly incorporated into the design and operation of
portable devices, which also benefit the analysis of complex mix-
tures, quantitative analysis, and/or decision making. Some can
also be combined with cloud-based spectral libraries for iden-
tification and quantification, which might be particularly use-
ful when trying to decipher mixtures or low-level contamina-
tion. However, taking advantage of machine learning and spec-
tral databases also requires a stable internet or Wi-Fi connec-
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tion on-site, which may not be feasible in all locations such as,
resource limited environments or within developing countries.
Whilst most techniques are initially developed in a laboratory us-
ing a benchtop instrument, it would be beneficial in the future if
the same techniques could be transferred and reproduced using
handheld or portable spectrometers.

Several publications have reported using portable Raman spec-
trometers to detect mycotoxins within a food or feed matrix
(Table 5). Those which do report portable applications com-
monly employ handheld Raman spectrometers combined with
a 785 nm laser. For example, Chen et al. described a solution-
based aptasensor for the detection of ZEN in beer and wine. The
sensor consists of Fe;O,@Au MNPs modified with sulfhydryl
(SH)-ZEN complementary DNA as capture probes (Fe;O,@Au
MNP-cDNA) and Au@Ag core-shell nanoparticles modified
with DTNB Raman reporter and SH-ZEN aptamer as reporter
probes (Au@DTNB@Ag CS-Apt). Based on the inversely propor-
tional relationship, the LOD of the sensor could be determined as
1 ng kg™! and recoveries ranged between 96% and 111% using a
portable SPLD-RAMAN-785-Q spectrometer with a 785 nm laser
(Hangzhou SPL photonics).[''® This laser is a popular choice due
to cost-efficiency, availability, high-quality, and the compromise
between Raman scattering intensity and fluorescence suppres-
sion. However, 532 and 633 nm lasers have also been reported for
some benchtop applications. The choice will ultimately depend
on availability, cost, the choice of SERS substrate employed and
its corresponding excitation wavelength. Ultimately, conducting
analysis using portable devices is a step in the right direction,
however it is still common for these handheld analyses to take
place within a laboratory, which defeats the purpose of the spec-
trometer’s intended design. Portable spectrometers have been ex-
ploited in a laboratory setting to detect ZEN,[190118] QTA [77:100]
AFs [7071.99100.106136.138] DN [100.116] BB [100.147) and T-2.190] Sey-
eral of these techniques also incorporate molecular binders and
chemometrics or machine learning (as discussed previously) to
facilitate binding and detection.

8.6. Sample Preparation

A major limitation for on-site implementation is the need for
sample preparation prior to analysis. Sample preparation is chal-
lenging for most spectroscopy techniques including IR, which
requires the removal of water from the sample. For SERS, itis dif-
ficult to perform analysis or detect trace levels of contamination
without performing an extraction. Those who have attempted to
detect mycotoxins on the surface of agricultural products have
suffered from poor sensitivity, with detection limits not able to
meet the EU regulations for human consumption or animal feed
for example, DON in oats.!'!®] Therefore, to improve detection
limits more stringent sample preparation steps are normally re-
quired to remove the toxin from the matrix. To extract residues
an extraction solvent (e.g., 60% MeOH) is typically added to a
ground sample, followed by sonification and/or centrifugation
for a short time (usually <60 min).[*>7013¢] The supernatant or ex-
tract will be removed and mixed or dried onto the SERS substrate
prior to analysis. In addition to solvent-based extractions, the re-
lease of mycotoxins from food or feed matrices has also been
conducted by exploring specific extraction procedures including,
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SLM extraction to remove OTA from white and red wine,*] LLE
to remove OTA from wine and wheat,”3] SPE to remove AOH
and PAT from apple juicel!’) and QuEChERs extraction to re-
move AFB, residues from grain.[”!l However, some notable draw-
backs include interferences from non-targeted compounds and
reduced sensitivities. Also, many procedures are traditionally too
complex and the use of toxic chemicals, such as chloroform or
dichloromethane would not be suitable for on-site extractions
due to health, safety, and environmental concerns.

The main obstacles for transferring SERS techniques outside
of the laboratory are normally in relation to sample handling pro-
cedures. First, conducting these procedures on-site may be chal-
lenging for some industry sectors depending on the facilities re-
quired and the availability of equipment. Second, the release of
solvents into the atmosphere is often not well received by indus-
try. However, completely removing extractions and some level
of laboratory practice seems an unlikely option for SERS. Us-
ing fewer toxic chemicals, those which are more environmentally
friendly or aqueous extraction procedures on the other hand, may
be a more feasible option. Nonetheless, a solution is essential if
the technique is ever to be successfully implemented on-site. Ul-
timately, the movement of any analytical technique from the lab-
oratory to in-field will require some level of compromise. If we
consider the commercialized rapid tests, which are already avail-
able for the in-field testing of food and feed, similar procedures,
reagents, and equipment are required to perform these tests, as
would be required for an on-site SERS test. LFTs and ELISAs
are readily available for mycotoxin detection, however the sam-
ple still needs to be prepared, extracted using solvent and/or wa-
ter mixture before conducting the test and acquiring the result.
Currently, LFTs would be the most favored option by industry due
to their simplicity, fewer procedural steps, rapidity, and low-cost.
Although used frequently, ELISA-based tests may be less popular
due to antibody cross-reactivity, lengthy procedures, and the level
of skill required by the end user to conduct the tests.[®?! As men-
tioned previously, SERS has many advantages and holds great po-
tential as a read-out technique over these current assays on the
market. Additionally, due to the high level of selectivity that can
be achieved using SERS, identifying potential cross-reactivities
may also be more likely using SERS, than other colorimetric
approaches.

8.7. Time to Analysis

For SERS the reported time to analysis often only includes the
total assay time, but the time taken to fabricate metallic nanosub-
strates and nanoprobes should also be considered, especially
when substrate stability is an issue. For example, Ma et al. fab-
ricated a Au and Ag nanodumbbell assembly with inter-nanogap
after an overnight incubation at 37 °C.[!] Similarly, Shao et al.
described the preparation of a SERS-active aptasensor after hy-
bridizing two nanoprobes for 14 h.[¥] Additionally, Li et al. func-
tionalized hairpin DNA onto gold-coated glass slides over 12 h to
perform an SERS-based aptasensor.[®l The authors highlight that
most of these complex operations such as chip functionalization,
SERS tag preparation, and aptamer hybridization with comple-
mentary DNA can be pre-completed in the laboratory, with only
sample adding and washing steps required for analyte detection.
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This may be true for all procedures which entail lengthy nanoma-
terial preparation steps; thus, one solution would be to transport
and store the substrates on-site ready for use. However, each com-
ponent would require lengthy tests to confirm stability, storage
conditions and impact of environment (i.e., light, temperature,
humidity, etc.). Any reagent that is a component or part of a po-
tential on-site test or assay would also be subjected to the same
validation steps prior to becoming a commercialized product and
would not be accepted onto the commercial market without pass-
ing these stringent tests. However, reducing the need to prepare
SERS substrates on a frequent basis would be an obvious time
and cost saving benefit for the developers and end-users of the
SERS tests.

In addition, the total analysis time will determine whether
the SERS procedure is likely to be considered as a routine test.
Whilst some procedures may be too long to benefit from in-field
use, some may ultimately improve the analysis of samples in an
industry setting, due to the turnaround time required to send
samples to the laboratory for confirmatory analysis. Most SERS
methodologies report an analysis time between 2 and 24 h. For
example, Rodriguez et al. performed two incubations totaling 24
h before detecting DON and OTA using PAA and FON.[''! Thus,
the likelihood for this technique to be implemented on-site is
less, than those reporting shorter turnaround times. Additionally,
Chen et al. employed a pre-etched nanocluster to detect AFB; in
peanut oil. However, the substrate is prepared over 13 h, etched
with HNO, for 25 min to expose functional groups, and soaked in
AFB, sample solution for 10 h before analysis.['®! Furthermore,
AOH was detected by Hahm et al. after a 12-h incubation using
Ag-embedded Si NPs.[®] However, the incubation must also be
performed at a set temperature of 25 °C. Therefore, implement-
ing the test on-site may not be an option for countries with hu-
mid or subtropical climates, unless control measures are in place.
Also, Huang et al. reported a 10.5 h procedure using a “turn-on”
mode SERS aptasensor to determine OTA standards.[''*] On the
other hand, Feng et al. reported a 50 min extraction followed by a
2 h incubation with a AgNP—porous anodized aluminum (PAA)
membrane to detect AFB, in walnut.['*®] Additionally, AFB, was
detected by Wu et al. after incubating MXenes nanosheets bound
to aptamer modified AuNP dimers with sample solution for only
1 h.M*1 Tt is difficult to imagine how several of these techniques
could ever be considered as “rapid.” For mycotoxin applications,
perhaps those which can achieve a result within 1-2 h using
SERS, should only be considered as truly rapid.['3®14!] However,
some areas of the food sector may still benefit or improve their
current methods of testing with analysis times of up to 24 h, as it
can take several days or sometimes weeks to receive confirmatory
results from a laboratory, but what is deemed as an acceptable
time will ultimately depend on the end-user.

In this section, opinions on the development and validation
of SERS methodologies, both from a scientific and industry per-
spective have been discussed. The current situation highlights
that validation including sensitivity, selectivity, reproducibility,
substrate stability, portability, sample preparation, and time to
analysis is often prioritized differently throughout the literature.
During the critical review process this raised several questions
for real applications. 1) Should sensitivity be the main priority of
validation, or should reaching regulated limits be considered sen-
sitive enough? 2) Why is selectivity, matrix detection, substrate
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stability or portability not considered important during valida-
tion? 3) Can a method with an analysis time of >2 h really be con-
sidered as “rapid”? 4) Will we ever get to the stage where in-field
validation is routine for SERS? Additionally, these sections intend
to inform industry of the advantages and potential of SERS over
other commercially available tests for mycotoxin detection (e.g.,
LFAs and ELISAs) and make them aware of the validation param-
eters which must be provided. It will be important to benchmark
these parameters against these available technologies in the fu-
ture if SERS is ever going to compete.

9. Conclusion and Future Perspectives

This review has focused on the SERS methodologies devel-
oped for the detection of mycotoxins over the past decade.
Many papers have demonstrated the great potential of SERS
to detect mycotoxins in various food and feed matrices how-
ever, none of these methods have reached the level of devel-
opment or validation required for implementation as screen-
ing tests for routine analysis. To improve this situation, three
categories have been suggested as a guide to follow when de-
veloping and validating a SERS methodology. The aim of this
guide is to encourage the development of techniques which are
feasible for in-field use, and to ensure that crucial parameters
including stability, portability, and sample preparation are not
overlooked.

Category A: These techniques often provide straightforward
procedures with high sensitivity in solvent conditions; however,
a major drawback is that these methods have not established
their feasibility for determining mycotoxins in a food or feed
matrix. The most simplistic techniques often suffer from ma-
trix effects and reduced sensitivities. As these interferences have
not been evaluated these methods can only be considered proof
of concept techniques. Full validation of these methods is re-
quired within a real sample and should be the next step for
these techniques to enhance their practicality and potential for
commercialization.

Category B: These techniques have made a step toward com-
mercialization by validating their methods in real matrices; how-
ever, some sample preparation issues may remain. For example,
spiking supernatant after performing an extraction is not a typ-
ical on-site procedure. Whilst the spiking of blank samples can
often be used to replicate naturally contaminated food and feed,
these should not replace including naturally contaminated sam-
ples within the validation procedure. Additionally, the use of chlo-
rinated extraction solvents would not be accepted by many for
in-field use. Procedures should aim to reduce the use of solvents
and replace them with water-based extractions (where applicable)
to improve “green chemistry”. Very few methods report LODs in
matrix conditions and are only mentioned in solvent (i.e., stan-
dards) thus, have no real correlation to the European regulatory
limits for food and feed, which should be addressed.

Category C: These techniques have further improved their
practicality for real sample analysis by analysing naturally con-
taminated samples and/or using portable Raman spectrome-
ters. However, sensitivities of these methods often cannot meet
regulatory limits and validation, or repeatability measurements
(e.g., CV, RSD, or measurement uncertainty) have not been
reported. Therefore, improvements to detection limits in real
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samples and selectivity when faced with non-targeted com-
pounds still need to be addressed. Substrate stability in dif-
ferent environmental conditions should be addressed to en-
sure that the materials can be stored and applied in real life
settings. If validation has been completed within a labora-
tory setting and all parameters (including those mentioned in
Category B) have been achieved using a portable instrument,
in-field validation is the next step to be conducted by these
techniques.

To summarize, the fabrication of SERS substrates plays a fun-
damental role in the sensitivity, selectivity, reproducibility, fea-
sibility in matrix, and stability of the nanomaterials. It is ulti-
mately the most important step for developing any successful
SERS method. Colloidal particles are highly stable in solution but
provide weaker SERS enhancement. Anisotropic nanoparticles
(e.g., AuNS) can provide phenomenal SERS enhancement due
to their unique shape and size. Dual metallic nanomaterials or
core—shell structures are also known to improve sensitivities over
Au or Ag alone, thus a combination of sizes, shapes, and compo-
sitions of nanomaterials may be the key for SERS-based myco-
toxin detection, particularly for those mycotoxins with extremely
low regulatory limits (e.g., AFs). Recognition elements (e.g., ap-
tamers, antibodies) can be produced relatively cheap and not only
improve the specificity of the procedure, but can play a pivotal
role in improving the stability of nanomaterials. Aptamers are
more straightforward to immobilize onto metallic substrates and
have higher stability than antibodies, but can suffer more from
matrix interferences. If the techniques are to be implemented on-
site, shelf-life, storage, and transportation of aptamer-based sub-
strates may be less problematic.

To visualize SERS as a commercialized in-field test for the
routine analysis of mycotoxins it may include several compo-
nents: i) a test kit containing fabricated nanosubstrates and ex-
traction solutions, ii) a handheld Raman spectrometer for anal-
ysis, iii) chemometrics built into the software held on the in-
strument to decipher complex matrices and multiple contami-
nants, and iv) a database stored in a cloud-based system contain-
ing the unique spectral information of mycotoxins, which the ob-
tained sample spectra can be compared to. Several essential steps
would also be required before any test becomes a commercial-
ized product: i) the stability and storage conditions of the SERS
nanosubstrates should be confirmed for real life scenarios (e.g.,
light, pH, temperature); ii) the applicability of SERS-based tests
should be assessed in a range of naturally contaminated food and
feed matrices to ascertain suitability; and iii) full on-site valida-
tion would be required to ensure the rapid test is fit for purpose
within different environments. To date none of the techniques
mentioned in this review have performed validation outside of
the laboratory and this would be the next progressive step for
those which have already developed SERS tests using portable
devices and/or have performed validation using naturally con-
taminated samples. Additionally, machine learning algorithms
for example, RF, SVM, ANN, and CNN and data fusion tech-
niques are yet to be reported for SERS and may be a future focus
to improve accuracy and reliability of measurements and model
predictions.

Overall, the validation of SERS methodologies in order of pri-
ority has been to improve the 1) sensitivity and reproducibility
for detecting mycotoxins in solvent or aqueous environments,
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2) selectivity of the developed assays in the presence of interfer-
ing mycotoxins or contaminants, 3) feasibility in real food and/or
feed samples, 4) stability of SERS substrates in a range of differ-
ent environmental conditions, and 5) transferability of developed
methodologies to portable spectrometers. Further advancements
to nanomaterial design will ultimately continue to push LODs
and sensitivities to even lower levels. Although sensitivity is a
fundamental parameter, perhaps further advancements in this
area would not be most beneficial. Numerous methods with de-
tection limits down to ppt and ppq have been developed using a
vast array of nanomaterials. These sensitivities are low enough
to meet the EU regulations for any regulated mycotoxin. Perhaps
the future focus should be on improving the commercialization
potential and real-life applications of these SERS technologies. If
the technique is sensitive enough to meet regulatory limits in a
naturally contaminated sample, perhaps the next focus should be
to improve substrate stability, reduce production costs, improve
portability, and simplify sample preparation procedures, rather
than developing complex procedures which may be too sensitive
and sophisticated to have purpose in the real world.
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