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Abstract

Mycotoxigenic fungi contaminate cereals, nuts, fruits, and other food commodities, threat-
ening human and animal health. This review focuses on Aspergillus flavus, Fusarium ver-
ticillioides, and Alternaria alternata as representative mycotoxigenic fungi because of their
importance as food contaminants and their production of major food-relevant mycotoxins.
Some methods detect fungal presence or toxigenic potential, whereas others directly quan-
tify toxins. Fungal identification or detection of biosynthetic genes indicates presence or
toxin-producing potential, respectively, but neither replaces direct mycotoxin measurement.
The diversity of targets, toxins, and food matrices remains a challenge for accurate and
practical analysis. Particular attention is given to immunodiagnostic approaches, including
enzyme-linked immunosorbent assays (ELISAs), as well as complementary formats such
as lateral flow immunoassays (LFIAs), and immunosensors, for laboratory and on-site food
safety monitoring. The advantages and limitations of these approaches, with emphasis on
sensitivity, specificity, matrix effects, and sample preparation, are discussed. Future aspects
will focus on integrated, matrix-validated workflows combining robust sample preparation,
multiplex recognition, portable readout, and appropriate quality controls to enable faster
and more reliable monitoring of fungal contamination and mycotoxins throughout the food
and feed chain.

Keywords: mycotoxigenic fungi; mycotoxins; molecular diagnostics; sample preparation;
point-of-need testing; ELISA; Lateral-flow assays; immunosensors; immunodiagnostics

1. Introduction

Mycotoxigenic fungi are a major threat to global food safety, with their diversity and
invasion potential expected to increase under future climate scenarios [1-3]. These fungi
produced toxic secondary metabolites known as mycotoxins during the crop growth and
storage, which can subsequently enter the human food chain through livestock fed on
contaminated feed [2—4]. The genera Aspergillus, Fusarium, and Alternaria represent the most
predominant mycotoxigenic fungi in agriculture, as they simultaneously compromise crop
yields and pose severe risks to human and animal health [2-4]. In agricultural commodities,
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multiple fungal species may occur simultaneously, potentially resulting in the production
of different classes of mycotoxins and posing challenges for food/feed safety and potential
risks to consumers [3,5]. Cereals are vulnerable to all three fungal genera, whereas oilseeds,
nuts, fruits, and vegetables exhibit genus-specific susceptibility, as shown in Figure 1.

Aspergillus Fusarium

Alternaria

Figure 1. Major food commodities associated with mycotoxigenic species of the genera Aspergillus,
Fusarium, and Alternaria.

The genus Aspergillus contains several species associated with the contamination of
agricultural commodities, including maize, cottonseed, peanuts, tree nuts, fruits, and other
food products [3,6]. The Aspergillus section Flavi includes important aflatoxin-producing
species, among which A. flavus is a major producer of aflatoxins (AFs), particularly afla-
toxin B1 (AFB1), and frequently contaminates commodities such as cottonseed, maize,
peanuts, and tree nuts during both pre- and post-harvest stages [5,6]. Besides, AFs have
been reported in a wide range of food commodities, including fresh berries, pome fruits,
dried figs, juices, and wine [7]. AFB1 is the most potent of the major naturally occurring
aflatoxins and is classified as a Group 1 human carcinogen by the International Agency
for Research on Cancer (IARC) [8]. Other Aspergillus species, particularly those associated
with stored products, can also contribute to the occurrence of other important mycotoxins,
including ochratoxin A (OTA), which is relevant to the safety of cereals, dried fruits, coffee,
wine, and other food commodities [9,10]. Fusarium species are among the most important
mycotoxigenic fungi associated with cereals, particularly maize and wheat, and can pro-
duce several chemically and toxicologically distinct groups of mycotoxins. F. verticillioides
and F. proliferatum are major producers of fumonisins (FUM), particularly fumonisin B1
(FB1) and fumonisin B2 (FB2), and frequently colonize maize [2,11]. F. graminearum is an
important producer of deoxynivalenol (DON) and zearalenone (ZEN), with DON being a
major trichothecene associated with cereal contamination and ZEN exhibiting estrogenic
activity [2,12]. Other Fusarium species can produce type A trichothecenes, including T-2
and HT-2 toxins, which are also important contaminants of cereals and cereal-based foods.
The co-occurrence of several Fusarium species may therefore result in the simultaneous
presence of different mycotoxin classes in the same agricultural commodity, complicating
both exposure assessment and analytical monitoring [3]. Fusarium diseases may cause
substantial losses of cereals and other crops [7,13], but from a food-safety perspective, the
major concern is the contamination of harvested commodities with Fusarium mycotoxins
and their subsequent transfer into the food and feed chains. Alternaria species frequently
occur in fruits, vegetables, cereals, and other plant-derived foods and can produce several
mycotoxins, including alternariol (AOH), alternariol monomethyl ether (AME), and tenua-
zonic acid (TeA) [4,14-18]. The presence of Alternaria in food commodities is of particular
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concern because toxin production may occur during both crop growth and storage [19-22].
Unlike several major Fusarium and Aspergillus mycotoxins, major Alternaria toxins are
currently considered emerging mycotoxins and remain without harmonized maximum
levels under EU legislation, despite increasing evidence of their occurrence in food and
potential health risks [23]. This highlights the need for continued monitoring of Alternaria
toxins in food commodities.

Fungal growth does not necessarily indicate mycotoxin contamination, as toxin biosyn-
thesis depends on specific environmental and physiological conditions [24]. Conversely,
mycotoxins may persist in food and feed after fungal growth has ceased and may undergo
chemical or biological transformation during processing, storage, and digestion. In ad-
dition to their occurrence as parent compounds, mycotoxins may therefore be present as
modified or masked forms, in which the toxin structure is altered through plant, fungal, or
processing-related mechanisms [25,26]. These modified forms may not always be detected
by analytical methods targeting the parent mycotoxin but can potentially contribute to
overall exposure when released or metabolized in the digestive tract [27]. Consequently,
consideration of both parent and modified mycotoxins is increasingly important for com-
prehensive food-safety assessment.

My-cotoxigenic fungi and their toxins have been linked to a wide range of adverse
health effects, including acute toxicity, mutagenicity, carcinogenicity, genotoxicity, terato-
genicity, immunosuppression, hormonal, gastrointestinal and renal disorders, as well as
allergic reactions [2,16,28]. The nature and severity of these effects vary considerably among
fungal species and according to the specific mycotoxins produced [24]. The simultaneous
occurrence of multiple mycotoxins may further complicate risk assessment because con-
sumers can be exposed to mixtures rather than to individual toxins. Therefore, reliable
detection of both mycotoxigenic fungi and their associated mycotoxins is an essential
component of food-safety monitoring.

The widespread occurrence of mycotoxins in food commodities, together with their
adverse health effects, has led to increasingly stringent food-safety regulations. In the
European Union (EU), Regulation (EU) 2023/915 established maximum levels for major
mycotoxins, including AFs and OTA, as well as Fusarium-related DON, ZEN, FUM and
T-2/HT-2 toxins, with subsequent amendments further revising some limits [9,10]. Major
Alternaria toxins, however, currently remain without harmonized maximum levels under
EU legislation, despite increasing evidence of their occurrence in food and potential health
risks [23]. AFs and FUM are already subject to strict regulatory limits [29], whereas
toxins produced by A. alternata, including alternariol, are considered emerging mycotoxins
and remain under increased scientific and regulatory surveillance [23]. These regulatory
developments emphasize the need for reliable, sensitive, and rapid analytical methods for
monitoring mycotoxigenic fungi and their toxins in food [30,31].

In this review, we provide a critical overview of conventional and emerging affinity
-based approaches for the detection of toxigenic fungi and their mycotoxins, with particular
emphasis on immunodiagnostic platforms. We first discuss established culture-microscopy-
, and molecular-based approaches, followed by antibody- and aptamer-based assays,
and immunosensors. Particular attention is given to recent advances in nanomaterial-
enhanced detection, multiplex and multimodal platforms, and artificial intelligence (AI)-
supported interpretation. The major challenges and future perspectives related to analytical
performance, sample preparation, matrix effects, stability, standardization, field validation,
and regulatory acceptance are discussed. We further consider the potential for simultaneous
detection of toxigenic fungi and mycotoxins and the transition toward rapid, portable, and
point-of-need testing across the agricultural and food production chains.
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2. Conventional Platforms for Detection of Mycotoxigenic Fungi and
Their Toxins

Culture establishes recovery of viable fungal propagules under the selected condi-
tions. Polymerase chain reaction (PCR) detects fungal DNA, using broad identification
markers such as ITS1/ITS2 or more specific targets selected according to the fungal group.
Biosynthetic gene detection indicates genetic potential, not demonstrated toxin produc-
tion [32-34]. Chromatographic methods determine the toxins themselves when suitable
analyte standards and validation are available [35]. Spectral screening may instead detect
correlated changes in the commodity. Fungal isolation does not prove toxin contamination,
and toxin detection does not prove that a viable producer remains.

2.1. Phenotypic Identification

Phenotypic identification may integrate colony color and texture, growth rate, sporu-
lation, microscopic morphology, temperature tolerance, water-activity preference, substrate
utilization, and pathogenic behavior. Modern fungal taxonomy uses these observations
within a polyphasic framework that also incorporates reference cultures, ecology, type ma-
terial, and sequence data [36-38]. In food mycology, culture-based enumeration generally
begins with representative collection, homogenization or blending, serial dilution, inocula-
tion onto selective or differential media, incubation, and colony counting [39]. The United
States Food and Drug Administration Bacteriological Analytical Manual recommends
analysis of 25 to 50 g portions, with larger laboratory samples when greater reproducibility
is needed, followed by homogenization in peptone water and replicate surface plating.
Dichloran rose Bengal chloramphenicol agar is commonly used for foods with water activ-
ity above approximately 0.95, whereas dichloran 18% glycerol agar is preferred for drier
commodities containing xerophilic fungi. Plates are ordinarily incubated near 25 °C and
counted after 5 days, with an additional 48 h when growth is absent or insufficient [39].
Culture-based methods remain an important standard for fungal isolation and identifi-
cation due to their simplicity, reliability, and minimal equipment requirements [40,41].
Detection of mycotoxigenic fungi in crops and food commodities relies on visual exam-
ination, culturing on artificial media, and morphological identification. Examination of
colony characteristics and reproductive structures can identify fungal taxa associated with
mycotoxin production, providing an early indication of potential mycotoxin contamination
in food and feed [42].

A viable propagule placed on a suitable medium germinates, grows, and forms a
visible colony that can be counted, isolated, archived, and tested further. Potato dextrose
agar (PDA) is one of the most commonly utilized media for fungal cultivation, but the
optimal choice depends on the specific target fungal species [43]. Figure 2 shows the
isolation and cultivation of three representative mycotoxigenic fungi, highlighting their
distinct phenotypic differences in colony color across different selective media. It has been
reported that A. flavus on PDA forms olive to dark green conidia within three days. Colonies
exhibit a flat white margin with an elevated, rugose center, and certain isolates produce
dark, globose sclerotia [44-46]. Diba et al. (2007) demonstrated that using differential media
is a reliable and sensitive morphological method for identifying Aspergillus species, with
A. flavus emerging as the dominant isolate [47]. Appropriate media enables distinguishing
specific morphotypes, although culture conditions can also influence their appearance [47].
On PDA, A. alternata formed dark olive-brown to black colonies with dense mycelium,
abundant sporulation, and irregular margins [19], whereas F. verticillioides initially produced
white, floccose mycelium that became reddish with age, with pigmentation ranging from
absent to violet or dark violet [48].
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Figure 2. Illustrative workflow for culture-based isolation and phenotypic identification of three
mycotoxigenic fungi: A. flavus, F. verticillioides, and A. alternata on different media at 25-28 °C after 3
and 7 days of incubation.

Direct microscopy detects fungal structures, and can provide preliminary assessment
of obligate biotrophs like rust and powdery mildew fungi that cannot be routinely cul-
tured [38,49].

The major strength of culture is the biological information preserved in a viable isolate.
An isolate can be sequenced, archived, tested for pathogenicity, examined for fungicide
susceptibility, evaluated for toxin-producing capacity, and used in epidemiological studies.
Culture is also comparatively open-ended because it can recover unexpected cultivable
organisms that a target-specific primer, probe, or antibody (Ab) would miss. These ad-
vantages are balanced by substantial limitations. Colony counts depend on medium
composition, oxygen, water activity, incubation temperature and duration, physiologi-
cal injury, dormancy, and competition. One colony may originate from a single spore,
a clump of propagules, or a hyphal fragment, so a colony-forming unit is not a direct
cell or spore count. Rapidly spreading fungi can obscure slower colonies, and a negative
culture means only that no organism was recovered under the chosen conditions [50,51].
Morphological identification requires substantial training and experience. Interpretation
can be subjective when characters are ambiguous or closely related species overlap. Pheno-
typic variation, mixed cultures, poor sporulation, and cryptic species further complicate
identification [39,49]. Colony and microscopic morphology remain valuable for preliminary
placement, but confident species-level identification increasingly requires integration of
morphology, physiology, and phylogenetic evidence [37]. Isolation of a potentially toxi-
genic species does not establish that the sampled commodity contains its toxin, and toxin
detection does not prove that a viable producer remains present. Traditional pathogen
identification methods have limited repeatability because results vary significantly depend-
ing on the substrate, growth conditions, light, and temperature [52]. Basic culture requires
modest instrumentation, although confirmatory identification adds equipment and analyst
time. Incubation also delays results relative to many direct assays [39,53].
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2.2. Conventional and Real-Time PCR

Morphological identification alone is often insufficient for species-level differentiation,
given that closely related taxa often exhibit overlapping macro- and micro-morphological
features [52]. PCR can detect fungal DNA before visible growth when extraction and target
selection are appropriate [32,33,54]. PCR sensitivity in food matrices depends strongly
on sampling, DNA extraction efficiency, fungal biomass, PCR inhibitors, and assay vali-
dation [54]. Ordinary DNA detection does not distinguish viable from non-viable fungal
material [32,34]. These methods have the advantages that the structure of DNA remains
stable with physiological stages, and its composition does not depend on culture conditions.
DNA regions differ in variability allowing assays directed at species or broader taxonomic
groups. Reliable identification requires primers validated for the intended species or target
group [55,56]. No single primer set should be assumed suitable for every genus considered
here. Closely related taxa should be included when testing specificity [56-58]. The genetic
markers used with this purpose are the internal transcribed spacers, ITS1 and ITS2 [56,59],
and protein-coding genes such as glyceraldehyde-3-phosphate dehydrogenase (gpd) and
Alt a1[57]. The Alt a 1 gene encodes an Alternaria allergen whose homologues exist in
related taxa [57,58]. Marker selection must therefore account for the intended taxonomic
resolution. Conventional PCR, multiplex PCR, quantitative real-time PCR, and digital
PCR have been successfully applied for detecting and quantifying fungal DNA in food
matrices [32-34,54,60]. Conventional PCR is used to identify mycotoxigenic Aspergillus [41],
Fusarium [11,61,62], Alternaria [63] species, while multiplex PCR allows for their simultane-
ous detection in a single reaction. Targeting mycotoxin biosynthetic genes indicates genetic
potential [33,34,60].

It does not demonstrate gene expression or quantify toxin in the sampled food. PCR
performance depends on extraction efficiency and inhibition controls, as well as validated
primers [36,40]. Equipment and staffing requirements vary between conventional and
automated workflows. Its suitability for routine screening therefore depends on the an-
alytical purpose, rather than an inherent throughput disadvantage. PCR complements
immunoassays but cannot confirm a toxin result merely by detecting fungal DNA.

2.3. Chromatographic and Spectroscopic Techniques

Chromatographic techniques are among the most commonly employed methods for
mycotoxin analysis in agricultural products. Thin-layer chromatography (TLC) provides a
rapid visual tool for mycotoxin identification, while high-performance liquid chromatogra-
phy (HPLC) and ultra-high-performance liquid chromatography (UHPLC) offer improved
resolution and faster analysis. These techniques can be coupled with different types of
detectors, including fluorescence, ultraviolet (UV), diode-array (DAD), and mass spectrom-
etry (MS) detectors [63]. Mycotoxin analysis requires very low detection limits (LODs),
typically in the ug kg~! (ppb) range [35,63]. While UV and fluorescence detectors have
traditionally been used for chromatographic detection of mycotoxins, the development
of LC-MS and LC-MS/MS methods has expanded the analytical capabilities for myco-
toxin detection, offering high sensitivity and selectivity that can vary depending on the
analytical method, instrumentation, matrix, and target mycotoxin [35]. LC-MS/MS is the
method of choice for the simultaneous determination of multiple mycotoxins [22]. The
current analytical techniques are time consuming, expensive and special equipment are
required [17,64]. However, these methods remain essential for regulatory compliance and
reference testing [63].

Ultraviolet-visible (UV-Vis), fluorescence, Fourier transform infrared (FTIR), and
near-infrared (NIR) spectroscopy provide complementary optical information [58,61,65,66].
Raman spectroscopy measures vibrational features and can also support analytical recog-
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nition [67]. Direct toxin measurement must be distinguished from spectral associations
with infection or commodity composition. For example, fluorescence signa-tures in con-
taminated maize may contain contributions from both toxins and the sur-rounding ma-
trix [68,69]. Multivariate analysis can separate useful spectral variation, but it does not
establish analyte identity by itself. Calibration against suitable reference measurements
and independent matrix validation remain necessary [67-69].

3. Immunodiagnostic Platforms for Detection of Mycotoxigenic Fungi
and Their Toxins

Immunodiagnostic detection platforms detect fungal structure or products through
selective molecular recognition (Figure 3). Fungal detection relies on the recognition of
fungal antigens or other specific structural components, whereas mycotoxins, as small
molecules, are generally detected using competitive immunoassay formats. Enzyme-linked
immunosorbent assays (ELISAs) and lateral flow immunoassays (LFIAs) are widely used
for mycotoxin screening [70,71]. Immunosensors offer additional formats, although porta-
bility and validation depend on the individual system [70,72]. The use of immunological
methods for detecting specific microorganisms provides a rapid and simple approach, with
accuracy largely dependent on Ab specificity [73]. Antigen—antibody (Ag-Ab) binding is
converted into a colorimetric, fluorescent, optical, or electrochemical signal using labeled
detection systems, such as enzymes, fluorophores, or nanoparticles (Figure 3).

A. Targets B. Affinity receptors

Fungal structure = Mycotoxin / Antibody (IgG) Aptamer
/ antigen small metabolite (ssDNA /RNA)

< [o] p
%n :@:}H ‘-:,3'_:-'
v

ELISA Lateral-flow Flow-through
o immunoassay membrane assay
g°°_/000 A 7
o AN
(@,9)
%%/
;‘ 3 i 9 [3
A4 [ % 22
;]Y — : T Cc TIAT:
Immunomagnetic Optical / / Aptasensor
capture electrochemical j

immunosensor G

0

8 | T

v

D. Readouts

Colorimetric Fluorescent Lateral-flow line SPR Electrochemical

eSS AN

Figure 3. Affinity-based detection of fungal structures (spores and hyphae), soluble fungal antigens,

and mycotoxins (A) using different affinity ligands (B), which can be incorporated into various assay
formats (C), including ELISA, lateral-flow, flow-through, immunomagnetic, and immunosensor
platforms, with optical, magnetic, or electrochemical readouts (D).
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3.1. Antibody-Based Methods

The fundamental principle of immunodiagnostic detection is the highly specific inter-
action between an antibody (Ab) and its corresponding antigen (Ag) or epitope (the analyte
of interest) [35]. In fungal detection, these Abs target diverse fungal analytes, recognizing
specific epitopes on spore walls, hyphae, extracellular polysaccharides, secreted proteins,
enzymes, or mycotoxins [70,74,75]. Mycotoxin detection relies on antibodies against these
small haptens, which must be conjugated to proteins or polypeptides to elicit an immune
response and form an immunogen [35]. Cross-reactivity occurs when different compounds
with similar chemical groups bind to the same Ab to varying degrees. Polyclonal antibodies
(pAbs) consist of a mixture binding to different epitopes, while monoclonal antibodies
(mAbs) are a single type specific to one epitope. While pAbs are raised in selected animal
species like rodents and rabbits, mAbs are recovered from cloned cell lines. Although pAbs
offer a simpler production route, they may be associated with batch-to-batch variation,
whereas mAbs can provide consistent antibody characteristics and scalable production
once established, despite the higher initial development effort [35]. However, analytical
selectivity is not inherently determined by whether an antibody is polyclonal or mono-
clonal, but depends on the characteristics of the individual antibody, including its affinity
and cross-reactivity. Both pAbs and mAbs are used in fungal and mycotoxin detection [35].
Recombinant Abs and its fragments have been increasingly investigated, but they remain
considerably less common as standalone commercial recognition reagens [76,77]. An al-
ternative avian Ab platform is provided by chickens, which produce immunoglobulin Y
(IgY). Anti-mycotoxin IgY antibodies can be recovered non-invasively from egg yolks and
have been developed against targets including ZEN and T-2 toxin [78,79]. Chicken-derived
IgY has therefore attracted attention as an alternative to mammalian antibodies, particu-
larly because Ab collection from eggs avoids repeated blood sampling from immunized
animals [78]. Although commercial manufacturers rarely disclose the clonal nature and
animal origin of Abs, these biological traits inherently dictate analytical thresholds through
affinity and batch-to-batch variability. Consequently, the limit of detection (LOD) and
limit of quantification (LOQ) are properties of the complete analytical system governed
by assay format, matrix effects, and extraction efficiency rather than intrinsic limits of the
Ab itself. Therefore, LOD and LOQ values cited in this review reflect the performance
of the entire diagnostic method [76,77]. The cited commercial values originate primarily
from comparative reviews of commercially available mycotoxin test systems, whereas the
lower values represent optimized experimental immunoassays and should not be inter-
preted as equivalent to routine commercial kit performance [79-81]. From a food-safety
perspective, the principal advantage of commercial Ab-based assays is therefore not neces-
sarily an exceptionally low analytical LOD, but rather the combination of rapid analysis,
relatively simple sample preparation, high throughput, portability and comparatively low
cost. Many commercial immunoassays are used for screening within specified matrices
and decision ranges [77,81]. Confirmation requirements depend on the intended decision
and the validated method scope. Suspect screening results may require an appropriate
chromatographic method, particularly for official control [77,81].

3.1.1. Enzyme-Linked Immunosorbent Assays (ELISA)

The enzyme-linked immunosorbent assay (ELISA) is immunological technique based
on the specific binding of an enzyme-conjugated Ab to its target Ag. Following the addition
of a suitable chromogenic substrate, the enzymatic reaction produces a measurable color,
allowing Ag or Ab quantification [73]. There are different ELISA formats (illustrated in
Figure 4), such as direct, indirect, sandwich, competitive, and multiplex assays [73]. The
sandwich ELISA measures the amount of Ag that is sandwiched between two layers of
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antibodies and it is appropriate for intact structures and macromolecular antigens [73]. Xue
et al. developed a direct sandwich ELISA combining a monoclonal capture antibody with a
chicken antibody enzyme fusion [69]. The assay recognized soluble Aspergillus cell wall
proteins and was applied to natural samples. These fungal antigen measurements must not
be interpreted as aflatoxin concentrations.

Sandwich Competitive  Directand

ELISA ELISA indirect ELISA
1 Capture antibody 1 Antibody coated
Direct ELISA
YYY YYY
2 Antigen binding 2 Competition
e ® o

o9
et Y ?
3 Detection antibody 3 Washing

gé)é) ? Indirect ELISA

4 Signal development 4 Signal development ()

$44 ¥ A
L

Antigen concentration Antigen concentration

Signal
Signal

Figure 4. Schematic representation of ELISA formats. Sandwich recognition captures a suitable
antigen between capture and detection antibodies. Competitive recognition produces decreasing
signal as sample antigen concentration increases. The drawn antigen-coated surfaces illustrate
direct detection with labeled primary antibody and indirect detection with secondary antibody.
The measured analyte and reagent arrangement must be specified for each application. Sensitivity
rankings between formats are not universal.

Wang et al. combined the PO8 nanobody with rabbit polyclonal antibodies to detect As-
pergillus material [82]. The nanobody recognized an approximately 45 kDa protein, whose
molecular identity was not established. The analytical detection limit was 1 pg mL~! of
mycelial material in buffer. The reported peanut and maize threshold was 2 pg mg—1, ex-
pressed on a different sample basis. Reactivity extended beyond A. flavus and A. parasiticus,
supporting genus recognition rather than strict species identification. Artificially contami-
nated and natural samples were examined, with fungal antigen and aflatoxin results not
invariably agreeing.

Ansari et al. generated monoclonal antibodies against Aflmp1, a major antigenic cell
wall protein of A. flavus [73]. Identification of the antigen improves interpretation, but
food matrix performance still requires validation. Park et al. examined ELISA detection of
mold contamination in agricultural commodities [74]. That broader endpoint should not
be described as proof of a particular toxigenic species. Iyer and Cousin used antibodies
against Fusarium mycelial proteins in cornmeal [75]. Their cross recognition of multiple
Fusarium species supported screening, rather than unambiguous species assignment.

For Alternaria, Green et al. combined immunostaining with microscopy to examine
aerosolized A. alternata material [63]. The method detected conidia and hyphae, including
smaller fungal fragments. Its environmental application illustrates recognition of dispersed
fungal material, not validation of food toxin measurement. Antigen availability may change
with developmental stage and extraction conditions. Neither a positive stain nor a soluble
antigen result alone demonstrates viability or toxin production [63,70].
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Competitive ELISA is widely employed because small mycotoxin haptens generally
cannot support conventional two-antibody sandwich recognition [76,77]. This practical
constraint does not exclude specialized recognition architectures, including antibody and
aptamer combinations [78]. ELISA-based immunoassays have been developed for the
de-tection of several mycotoxins, including aflatoxins (AFB;, AFB,, AFG;, AFG,, and
AFM;), OTA, DON, ZEN, fumonisin B1 (FB,), and fumonisin B2 (FB,), patulin, T-2/HT-2
toxins, and alternariol with sensitivity varying according to the food matrix and Ab speci-
ficity. Detection limits and cross reactivity depend on the complete assay and food ma-
trix [25,64,67,68,76,77,79-81,83]. Performance should not be generalized from one toxin or
formulation to another.

Recombinant antibodies and nanobodies offer additional recognition options, alt-
hough stability and sensitivity require evaluation within each assay [84,85]. ELISA sup-
ports parallel sample processing with comparatively accessible equipment [64,76,77]. Com-
pared with instrumental analytical techniques, ELISA requires simpler sample preparation
and less sophisticated equipment, making it particularly suitable for routine screening,
quality control, and surveillance programs [86-88]. ELISA enables the rapid analysis
of large numbers of samples and the efficient identification of potentially contaminated
products. Its analytical performance depends on the analyte, matrix, regulatory context,
and intended analytical purpose [86,87,89]. Commercial ELISA kits cover many regulated
mycotoxins, but their validated matrix scope and performance differ [2,76,81].

3.1.2. Lateral-Flow Immunoassays (LFIAs) and Flow-Through Immunoassays

Lateral-flow immunoassay (LFIAs) is an immunodiagnostic technique based on the
principles of solid-phase chromatography and specific Ag-Ab interactions (Figure 5). Spe-
cific capture reagents are immobilized in distinct zones along a porous membrane strip,
such as nitrocellulose embedded into a plastic platform [90,91]. Liquid migrates by cap-
illary action through a conjugate zone and one or more capture lines. Sandwich formats
generally produce increasing test-line intensity with increasing fungal Ag, whereas compet-
itive formats, widely used for mycotoxins, produce decreasing test-line intensity as analyte
increases. Gold nanoparticles, colored latex, fluorescent particles, or other reporters provide
visual or reader-assisted detection [92,93]. Wakeham et al. (2016) developed a competitive
LFIA for rapid detection of A. brassicae conidia in air samples, with visual results obtained
in approximately 6 min and a detection threshold of around 50 conidia [94].

Liang et al. investigated nanozyme assisted immunochromatographic recognition of
A. flavus in peanut samples [95]. Their earlier colorimetric and photothermal LFIA also
targeted fungal material [96]. Evaluation in one matrix does not establish elimination of
interference across different foods. These studies concern fungal antigen recognition, not
direct aflatoxin measurement. Commercially available LFIAs for mycotoxins in food have
been validated for several mycotoxins, including AFs, and DON [91]. Adunphatcharaphon
et al. (2024) designed a portable, microarray-based lateral-flow system enabling the concur-
rent, on-site quantification of AFB;, T-2 toxin, ZEN, DON, and FB; in rice [97]. Xing et al.
investigated a time resolved fluorescent LFIA for AFB; screening in peanuts and maize [98].
Immunochromatographic assays are increasingly used as rapid, portable tools for visual
yes/no detection and semi-quantification of mycotoxins, with multiplex platforms enabling
simultaneous detection of multiple toxins [2].

Visual LFIAs commonly provide qualitative or semiquantitative interpretation,
whereas calibrated readers can support quantitative results [86,99]. Adunphatcharaphon
et al. reported quantitative analysis of five mycotoxins in rice using a portable fluorescence
reader [99]. Their extraction to readout workflow required 17 min, excluding initial sam-
pling and milling. Detection limits ranged from 0.56 to 1.89 ug kg~ across the five targets.
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These figures describe that assay and rice matrix, not LFIAs generally. Results outside
validated ranges, or requiring official confirmation, should follow the relevant reference
procedure [98].

Conjugate Test Control Absorbent
pad line line pad

TG RAYE

Sample

Mycotoxigenic Mveotox Labeled Capture Control
fungi Yyeoloxins - antibody antibody antibody
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@Rk Y
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Figure 5. Schematic layout and signal development of a sandwich LFIA for macromolecular fungal
antigens. The target presents accessible sites for capture and detection antibodies. A positive test line
indicates antigen recognition within the validated assay scope. Conventional competitive mycotoxin
strips use a different signal relationship, which this sandwich mechanism does not represent.

Flow-through immunoassays direct liquid perpendicularly through a capture mem-
brane. Convective transport can shorten incubation and washing, and discrete capture
spots support multiplexing. Beloglazova et al. 2017 used a flow-through format to screen
ZEN, DON, AFB;, and OTA in cereal-derived feed ingredients [100].

3.1.3. Optical Immunodiagnostic Platforms

Fluorescent immunoassays (FIA) and chemiluminescent immunoassays (CLIA) are
optical immunodiagnostic platforms that employ fluorescent labels and chemilumines-
cent reactions, respectively, to generate measurable light signals following Ag-Ab recog-
nition [101,102]. Compared with conventional colorimetric assays, FIA and CLIA can
provide high sensitivity, broad dynamic ranges, and improved quantitative performance
in appropriately designed assays, although these analytical characteristics depend on the
specific assay, analyte, and sample matrix. Their performance may also be affected by
Ab specificity, cross-reactivity, and matrix-related interferences, particularly in complex
food matrices [63,79,103]. In the field of food safety, these characteristics make them suit-
able for detecting major mycotoxins [76,78,104]. Recent developments have focused on
integrating these methods with portable fluorescence and chemiluminescence readers,
smartphone-assisted imaging systems, and microfluidic platforms, facilitating rapid and
quantitative analysis beyond conventional laboratory settings [105,106]. Quantum dot-
based fluorescent microsphere immunoassays have already demonstrated highly sensitive
simultaneous detection of AFB;, DON, and ZEN in cereal samples. The result concerns
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that assay architecture rather than a universal advantage of optical labels depends on the
specific assay and analyte [107].

3.1.4. Immunosensor Platforms

Immunosensors are affinity based solid state biosensors in which the target Ag is
detected through Ab binding, generating a measurable signal by the transducer [108].
Although immunosensors operate similarly to immunoassays, they differ in that Ag-Ab
recognition and signal detection occur on the same platform [109]. They are classified
according to their transduction mode as electrochemical, optical, and piezoelectric de-
vices [108,110], with each type employing specific analytical approaches and different
labelling strategies to enhance detection capabilities [111]. Sample consumption and instru-
ment requirements differ between immunosensor designs [108,111,112]. Low analytical
detection limits do not themselves demonstrate stable performance in naturally contami-
nated foods. In food safety applications, these immunosensors have been predominantly
developed for detection of mycotoxins, such as AFB;, OTA, FBs, DON, ZEN, T-2 toxin,
and patulin in cereals, nuts, feed, and other agricultural commodities [70,72,113]. Surface
plasmon resonance-based immunosensors have also enabled simultaneous detection of
multiple mycotoxins, including AFB;, OTA, ZEN, and DON, in cereal matrices using
competitive immunoassay strategies [114,115]. Bonel et al. developed competitive elec-
trochemical immunosensors for the detection of OTA based on disposable screen-printed
electrodes. The sensor design involved OTA-bovine serum albumin (OTA-BSA) conjugates
and gold nanoparticle-assisted nanostructuring of the electrode surface, enabling sensitive
OTA determination through differential pulse voltammetry. The developed immunosen-
sors were successfully evaluated using wheat samples, demonstrating the applicability
of electrochemical platforms for mycotoxin monitoring in cereals [116]. An improved
OTA immunosensor was later developed using a biotinylated mAbs and colloidal gold
nanostructuring, providing enhanced analytical performance and successful validation in
wheat samples [117]. Electrochemical impedance spectroscopy (EIS) has also been applied
for label-free detection of AFB;, one of the most important foodborne mycotoxins. An
impedance-based immunosensor using a gold electrode modified with self-assembled
layers and an AFB;—-BSA conjugate as the recognition interface was developed. Specific Ab
binding caused measurable changes in interfacial impedance, enabling sensitive detection
of AFB; in food-related samples [118].

Lee et al. developed a microgap immunosensor recognizing extracellular proteins of
A. niger [119]. This fungal recognition example should not be described as direct mycotoxin
detection. Its reported application also does not establish validation across naturally
contaminated food matrices. Antigen selection and testing against closely related species
determine the useful taxonomic specificity. Comparison with culture is needed when
viability, rather than antigen presence, is the analytical question [120].

The main challenges encountered by different types of immunosensors include sensor
stability, matrix interference, surface regeneration, and the transfer from laboratory-based
systems to reliable field instruments [72,108,121,122]. Microfluidic and lab-on-a-chip plat-
forms have therefore emerged as promising approaches for addressing some of these
challenges through compact, efficient, and portable immunosensing systems [113].

4. Aptamer-Based Recognition and Aptasensors

Aptamers have emerged as promising biorecognition elements for the development of
rapid, sensitive, and selective biosensors, primarily for the detection of mycotoxins, but
they can also be used for the detection of mycotoxin-producing fungi [123,124]. They are
synthetic single-stranded DNA (ssDNA) or ribonucleic acid (RNA) oligonucleotides with
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high specificity and affinity toward their target [125] that may include small molecules,
proteins, toxins, components of the cell surface, and whole cells [126]. Aptamers of ss-
DNA that are specific for a target are selected from combinatorial libraries of synthetic
nucleic acids through exponential enrichment via an iterative process of target binding,
recovery, and amplification, known as Systematic Evolution of Ligands by EXponential
enrichment (SELEX) [127,128]. Chemical synthesis facilitates aptamer modification and
reproducible manufacture [72,113]. Stability and binding still depend on sequence, fold-
ing conditions, matrix composition, and storage. These properties require experimental
evaluation rather than assumption. During the past decade, aptamer technology has been
applied to the determination of AFs, OTA, FUM, ZEN, and T-2 toxin [123]. Recent advances
include the development of aptasensors based on different signal-transduction strategies,
particularly electrochemical, optical, and photoelectrochemical approaches [123,129]. The
incorporation of advanced nanomaterials, including gold nanoparticles, materials based
on graphene, MXenes, and metal-organic frameworks, has enhanced signal amplification
and analytical sensitivity in mycotoxin detection using aptasensors [130-132]. On the other
hand, the direct detection of mycotoxigenic fungi using aptamers remains comparatively
limited [133,134]. SELEX-based approaches offer great potential for selecting aptamers
that recognize fungal spores, cell-wall components, and fungal-specific proteins. Seo et al.
selected spore binding aptamers that recognized several Aspergillus species [135]. Such
recognition does not prove that the detected material is viable or producing toxins. Low
et al. instead selected aptamers against 3-glucans [136]. Recognition of that shared wall
component is not equivalent to species identification [135,136]. Multiplex aptasensors have
been shown to simultaneously detect multiple mycotoxins by coupling distinct recognition
probes with optical or electrochemical signal outputs [134,137,138].

Ellena et al. subsequently selected aptamers against A. niger conidia using counter-
selection with the closely related A. tubingensis [125]. Binding was also assessed against
A. nidulans. This design addresses a specificity problem that positive target binding alone
cannot resolve. The work involved cultured conidia, rather than validation in naturally con-
taminated foods. Binding affinity should not be reported as an assay detection limit. Neither
the earlier spore study nor this selection establishes direct toxin measurement [121,125].

Zhang et al. (2026) reported a dual-mode photoelectrochemical-colorimetric aptasen-
sor for highly sensitive detection of AFB; using a BiVO,/Niz(HHTP); heterojunction and
PdAuCu nanoenzyme amplification [139].

A summary Table showing analytical comparison of representative detection plat-
forms, including operational characteristics and implementation status (Table 1).

Table 1. (A). Analytical comparison of representative detection platforms. (B). Operational character-
istics and implementation status of the same platforms.

(A)

Platform and Endpoint

Sensitivity and Specificity Matrix Tolerance and Preparation

Culture: culturable
fungal propagules
[20,48,49]

Homogenization, dilution, plating,
No universal analytical LOD. Recovery depends on test portion  and incubation. Injured or poorly

and growth conditions. Enumeration alone does not identify growing fungi may be missed;
species. spreading colonies can obscure
others.

PCR: fungal DNA or
specified biosynthetic
genes [36,40,53,55,71]

DNA extraction and inhibition
controls are required. Matrix
tolerance depends on purification
and amplification chemistry.

Assay specific LOD; not a viability or toxin measurement.
Primers require testing against related taxa. A common numeric
LOD is not reported.
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Table 1. Cont.

(A)

Platform and Endpoint

Sensitivity and Specificity

Matrix Tolerance and Preparation

ELISA: fungal antigens
or mycotoxins [67,75,82]

Example: PO8 Aspergillus assay, 1 pg mL~! mycelial material in
buffer. Peanut and maize threshold: 2 ug mg~!. Genus cross
recognition limits species assignment.

Antigen preserving extraction or
validated toxin extraction. Dilution
and matrix controls are necessary;
the cited fungal assay included
natural samples.

LFIA: fungal antigens or

Example: five toxin rice assay, LODs 0.56 to 1.89 ug kg_l. Those

Rice example uses extraction and
dilution before reader analysis.

mycotoxins values do not apply to fungal strips. Specificity depends on the  Lipids, particles, and viscosity can

[86,87,140,141] capture reagents. affect flow; transfer to other foods
needs validation.

Immunosensors: Extraction and sensor surface

antibody recognized
antigen or toxin
[105-110]

Individual assays report target dependent sensitivity. No
common LOD is reported here. Fungal protein recognition does

not demonstrate toxigenicity.

fouling require control. Wheat and
cereal examples cannot establish
performance for every food.

Aptasensors: selected
molecular target or
fungal surface
[78,121,124,125]

No common LOD. Aptamer binding affinity is not an assay LOD.

Related Aspergillus species must be tested; viability is not

established by binding.

Selection buffer and food extract
differ. Folding, nonspecific
adsorption, and extraction recovery
require matrix specific testing.

(B)

Platform

Time and Cost Basis

Portability

Validation and Commercial
Availability

Culture [20,48,49]

FDA workflow: count after 5 days,
with longer incubation when
needed. Low basic equipment
expenditure; substantial
incubation and analyst time.

Requires incubation and
microbiological handling;
not an immediate field
result.

Established food enumeration
workflows and commercial media.
Species identification and toxin
production require additional
work.

Extraction plus amplification
generally requires hours; exact

Portable thermocyclers do

Published food assays exist.
Availability of instruments or

PCR [36,40,55,71] total varies. Instrument not remove extraction . .
. . . . reagents is not validation of every
expenditure exceeds basic culture;  requirements. .
fungal target and matrix.

reagent costs depend on format.

Multiple incubation and wash Commercial mycotoxin kits have

steps; complete fungal workflow Laboratory plate assays specified scope. The cited fungal
ELISA [67,75] time not reported here. Plate are less portable than recognition systems are research

reader expenditure and recurring
reagent costs.

strips.

assays, not demonstrated
marketed kits.

LFIA [86,87,140,141]

Rice example: 17 min from
extraction to readout, excluding
sampling and milling. Strip
consumables; quantitative formats
add reader expenditure.

Visual strips are portable.
Quantitative systems may
require a dedicated reader.

Commercial toxin strips and
published validation studies
coexist with experimental fungal
strips. Cited rice results include
comparison with LC-MS/MS.

Assay dependent; a comparable

Portable electrochemical

Food matrix demonstrations exist.
Broad natural sample and

Immunosensors complete turnaround time is not readout is possible; some interlaboratory validation cannot
[105-110] reported. Transducer and optical platforms remain - y
- . be inferred from prototype
fabrication costs vary considerably. laboratory based.
performance.

Preparation and signal Mostly experimental examples in

development are assay dependent; . :
Aptasensors complete time not reported Portable array readers the cited literature. Fungal
[78,121,124,125] P P have been demonstrated. selection studies do not establish

uniformly. Synthesis and reader
costs are design dependent.

validated commercial food tests.
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5. Imaging-Based Detection and Artificial Intelligence

Spectral imaging combines spatial information with wavelength dependent measure-
ments of a sample [127]. Multispectral imaging (MSI) uses selected spectral bands, whereas
hyperspectral imaging (HSI) acquires more densely resolved spectra. Exact band counts
and widths depend on the instrument rather than a universal numerical boundary. Ex-
isting maize studies illustrate screening associated with AFB1 contamination [65,128,129].
Bartoli¢ et al. combined fluorescence spectroscopy and MSI for preliminary fingerprinting
of contaminated maize seeds [65]. Such fingerprints require calibration and must not be
interpreted as direct fungal identification. Red, green, and blue (RGB) images provide
additional color and texture information but no inherent toxin specificity.

Recent primary studies provide more informative tests of the connection between im-
ages and food contamination. Borras-Vallverdi et al. examined 98 naturally contaminated
maize samples without visible fungal infection [130]. NIR-HSI models were compared with
chemically measured DON and fumonisins. Reported cross validation sensitivity was 0.778
for DON and 0.607 for combined fumonisins. Corresponding specificities were 1.000 and
0.938 at the thresholds used in that study. Those results support screening research, while
the missed positives caution against assuming regulatory readiness. Multiple scans came
from each sample, making validation at the independent sample level especially important.
Study thresholds should not be substituted for the currently applicable legal limits.

Nie et al. combined HSI with deep learning to predict fungal contamination indicators
in millet [131]. Samples originated from 12 production areas, but contamination measure-
ments followed controlled storage enrichment for 30 days. HPLC measurements supplied
reference values for ergosterol and DON. Ergosterol represented fungal biomass related
information, whereas DON was a toxin endpoint. These predictions therefore answer
different analytical questions. The enriched storage conditions also limit extrapolation
to untreated commercial lots. Wider geographical sampling does not, by itself, establish
external validation of contamination predictions.

Dhakal et al. used hyperspectral images and machine learning to distinguish damaged
wheat kernels [132]. That classification endpoint differs from chemical determination of
a particular mycotoxin. Javidan et al. investigated RGB and hyperspectral signatures of
experimentally induced tomato fungal diseases [133]. Their work included Alternaria and
Fusarium, but disease recognition did not establish toxin concentrations. Such studies are
useful methodological context rather than evidence of validated mycotoxin measurement.
Their applicability to harvested food should be tested using corresponding reference chemistry.

Portable instruments offer a different route toward practical screening. Smeesters et al.
developed a handheld fluorescence spectrometer and examined naturally contaminated
maize kernels [134]. Benchmarking against a research instrument supported feasibility, but
the study did not establish universal lot acceptance performance. Commercial imaging
hardware was used in the maize study, including a Resonon Pika NIR camera [130]. The
millet study employed HySpex imaging equipment [131]. Availability of those instruments
does not amount to commercial validation of the authors’ contamination models.

Smartphone imaging of an assay must be distinguished from direct photography of
food. A phone may quantify a calibrated strip signal, while a photograph of grain supplies
different information. The rice multiplex LFIA used a purpose-built portable fluorescence
reader rather than ordinary phone photography [86]. Smartphone compatible optical assays
remain attractive, provided illumination and image acquisition are controlled [135,136].
Phone model changes and automatic exposure settings can alter quantitative interpreta-
tion. Validation must therefore cover the complete reader and assay combination, not the
camera alone.
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Al evaluation should separate model development from genuinely independent test-
ing. Images or repeated scans from one kernel or sample should remain within the same
data partition. Otherwise, apparent performance may partly reflect repeated observation of
the same material. External lots and harvest years provide a stronger test of transferability.
Cultivar differences, moisture, illumination, instrument response, storage history, and
heterogeneous contamination can alter the measured features [130,131,137]. Performance
near the intended decision threshold deserves particular attention. Imaging can prioritize
samples for chemical analysis without being presented as a universal replacement for it.

6. Sample Preparation

Sample preparation is a critical determinant of the downstream analytical performance
of fungal and mycotoxin assays. It dictates the specific fraction of the target entering the
analytical workflow, directly influencing recovery rates, matrix effects, repeatability, and
the LOD [142,143]. Conidia and hyphal material may be distributed unevenly within food
matrices [144,145]. The fungal structures present depend on the species and developmental
conditions. Representative sampling must precede extraction, because analytical sensitiv-
ity cannot compensate for an unrepresentative test portion [146,147]. Consequently, the
extraction strategy must be tailored to the distinct analytical endpoint. While molecular
assays require the efficient release and purification of nucleic acids, immunoassays demand
the preservation of accessible antigenic determinants [148-150]. Conversely, mycotoxin
analysis relies on the validated extraction of low-molecular-weight metabolites from these
target complexes [12,149]. Therefore, sample preparation must be viewed as an integrated
component of the diagnostic methodology rather than an isolated, preliminary step [142].

6.1. Fungal Structures and Lysis Requirements

The fungal cell wall is a dynamic and structurally heterogeneous barrier composed pri-
marily of chitin and branched glucans, together with mannans, galactomannans, proteins,
melanins, hydrophobins and other polymers [151,152]. The relative abundance and organi-
zation of these components vary among species, developmental stages and environmental
conditions [145]. Consequently, conidia of A. flavus, macroconidia and chlamydospores
of F. verticillioides, and conidia of A. alternata may exhibit different mechanical resistance,
surface hydrophobicity, enzyme accessibility and chemical reactivity [153-156].

Fungal morphology and cell-wall characteristics can substantially influence lysis effi-
ciency [157-159]. Dormant, melanized or heavily pigmented spores may be more resistant
to disruption than actively growing hyphae [160]. DNA recovery can depend on spore
maturity, pigmentation, cell-wall composition and extracellular material [157-159]. Envi-
ronmental fungal samples may contain mixtures of mycelium, yeast-like cells, sexual and
asexual spores, and DNA recovery can therefore differ among these forms [157,158]. Hy-
phal material introduces additional challenges. Hyphae may remain attached to plant fibers,
become embedded in extracellular matrices or distribute unevenly during homogeniza-
tion [157]. Hydrophobic conidia may disperse poorly in aqueous buffers and form aggre-
gates, which can reduce the number of target structures entering the analytical aliquot [161].
Therefore, method validation should use the developmental forms and matrices expected
in the intended application. Cultured vegetative mycelium should not be considered a
universal surrogate for field conidia, chlamydospores or sclerotia material [162,163].

Comparative studies of fungal cell disruption and nucleic acid extraction have demon-
strated substantial species- and morphology-dependent differences in extraction efficiency.
Enzymatic lysis provided high DNA recovery from Candida albicans, but was considerably
less effective for Aspergillus fumigatus conidia and hyphae, whereas bead-mediated mechan-
ical disruption yielded higher DNA recovery from A. fumigatus [158]. Similarly, it has been
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demonstrated that no single combination of physical, chemical, and enzymatic treatments
was optimal across the 16 fungal species examined [164].

These DNA extraction results cannot establish preservation of antibody binding sites.
Antigen extraction must be assessed directly, because disruption can improve release while
altering recognition [151,152]. Pogner et al. found species dependent differences between
fungal antigen measurements and other airborne fungal measurements [70,145]. Their
study concerned air samples, not validation in foods. Antigen detection persisted after loss
of culturability in the investigated material. This illustrates why ELISA signals cannot be
treated as viable counts.

6.2. Matrix Complexity and Inhibition

Food, plant, and environmental samples represent chemically complex matrices that
can interfere with fungal Ag recovery and immunodetection. Cereals and seeds contain
abundant starch, proteins, lipids, and structural components, whereas fruits contain pectin,
pigments, phenolics, waxes, and lignocellulosic material [165-168]. Evidence from food
allergen extraction also shows how matrix composition can affect protein recovery [169,170].
Such findings inform fungal antigen method development but do not replace direct valida-
tion with fungal targets.

Matrix components can influence fungal detection at different stages of the analytical
workflow. Polysaccharides and polyphenolic compounds may co-extract or co-precipitate
with nucleic acids reducing DNA purity and affecting downstream amplification, while
oxidized phenolics can interact irreversibly with DNA and proteins [171]. Metal ions can
inhibit DNA amplification, with effects depending on their identity and concentration [172].
In lateral-flow and microfluidic platforms, variations in sample viscosity and the presence of
particulate or lipid-rich material can alter capillary flow and affect signal development [173].
In addition, naturally occurring pigments and other optically active components of matrix
may interfere with absorbance- or fluorescence-based readouts [174]. Matrix-associated
inhibition can be reduced by adapting extraction procedures to the composition of the
sample. Modified cetyltrimethylammonium bromide (CTAB) protocols incorporating addi-
tives such as polyvinylpyrrolidone (PVP) or insoluble polyvinylpolypyrrolidone (PVPP)
and reducing agents have been used to improve nucleic acid recovery and purity from
plant tissues rich in polysaccharides and polyphenols [175,176]. Matrix effects are also
relevant to immunoassays, as co-extracted matrix constituents may affect Ag recovery, Ab
binding, and assay signal. Therefore, fungal detection methods should be evaluated using
matrix-matched or matrix-spiked samples rather than purified targets alone [177,178].

6.3. Representative Sampling and Homogenization

Representative sampling is a critical first step in fungal and mycotoxin analysis because
contamination can be highly heterogeneous within food and plant materials. In particular,
aflatoxin contamination in cereals may be unevenly distributed, making sampling and
subsampling major sources of analytical variability [49]. Adequate sample mass, multiple
increments, mixing, and thorough homogenization are therefore essential for obtaining
reliable results [179,180]. Incremental samples should represent the relevant lot before they
are combined into an aggregate sample [181]. Laboratory homogenization then precedes
selection of the analytical test portion. Repeated measurements from one extract assess
a different source of variation than independent subsampling. Unevenly contaminated
kernels can dominate aflatoxin uncertainty even when instrumental repeatability is accept-
able [146,147]. Sampling plans should follow the applicable commodity and analytical
purpose, rather than a universal sample mass.
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Homogenization and cellular lysis should be considered distinct operations. Bulk ho-
mogenization reduces spatial heterogeneity, but cannot correct an initially unrepresentative
collection [146,147]. Subsequent lysis releases intracellular targets; intact spore assays may
instead require preservation of their recognition surfaces [70,120,121]. Recent work using a
micro-homogenizer for citrus tissues demonstrated that rapid mechanical disruption can
generate nucleic acids suitable for quantitative real-time PCR, although dilution or simple
cleanup may be required to reduce residual inhibitors [182].

6.4. Chemical and Enzymatic Lysis

Chemical lysis typically combines detergents such as sodium dodecyl sulfate (SDS)
or CTAB with proteinase K and, when required, PVP or reducing agents to disrupt fungal
cells and remove polysaccharides and phenolic inhibitors [183,184]. Modified CTAB/SDS
protocols can provide high-quality DNA from plant- and fungus-rich matrices, although
organic extraction increases processing time and handling requirements [183-185].

Enzymatic treatments can disrupt fungal walls under comparatively mild condi-
tions [142,168]. Their effects on the intended antigen must nevertheless be measured
separately from DNA recovery. Given the variability in fungal cell-wall composition, enzy-
matic treatment is generally more appropriately considered as a complementary lysis step
rather than a universal strategy for fungal cell disruption [185]. Differences in susceptibility
to cell-wall-degrading enzymes have been demonstrated for filamentous fungi, including
Fusarium spp. [185,186].

6.5. Mechanical Disruption and Bead Beating

This approach is particularly effective for fungal structures resistant to chemical or
enzymatic lysis. Bead beating provides a standardized and relatively reproducible method
in a closed vessel, with efficiency depending on bead characteristics, processing conditions,
fungal species, and sample matrix [169,170]. It can substantially improve fungal DNA
recovery, including from Aspergillus spp., although disruption conditions may affect the
relative recovery of different fungal species [169-171]. Rapid platforms such as FastPrep
enable standardized and parallel processing of fungal and plant samples [173], while
comparative studies indicate that different platforms can produce different fungal DNA
yields [167,174].

The process should be optimized rather than maximized [172]. Insufficient disruption
may reduce target recovery, whereas excessive processing can cause DNA shearing and
compromise nucleic-acid integrity [167]. Therefore, platform and extraction conditions
should be selected according to the sample matrix and downstream analytical endpoint
and evaluated using matrix-matched samples [175].

6.6. Crude Extracts and Mycotoxin Cleanup

Crude-extract strategies can be advantageous for qualitative screening when the target
concentration is sufficiently high and the downstream assay tolerates residual inhibitors.
Dilution is the simplest form of cleanup because it reduces inhibitor concentration, although
it simultaneously decreases target concentration. It is useful only when the remaining
target concentration exceeds the effective detection limit [187,188].

More extensive purification is required when fungal burden is low, quantitative accu-
racy is important, matrix composition varies considerably, or false-negative results have
serious consequences. For molecular assays requiring high analytical sensitivity and reliable
quantification, such as PCR-based detection of mycotoxigenic fungi, DNA integrity and
purity may be more important than achieving the shortest possible extraction time [189,190].
For immunodiagnostic platforms, insufficient cleanup may cause nonspecific interactions
and signal suppression or enhancement, reducing assay accuracy. Therefore, crude ex-
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tracts should be evaluated for matrix effects, dilution linearity, and extraction recovery,
particularly when quantitative results are required or when different food matrices are
compared [26,191].

My-cotoxin cleanup should be chosen according to analyte chemistry and the food
matrix, rather than detection format alone [192]. QuEChERS combines solvent partitioning
with salt assisted extraction and, frequently, dispersive solid phase extraction (SPE). Its
name denotes quick, easy, cheap, effective, rugged, and safe preparation. Broad analyte
coverage is useful, although polar toxins may partition differently and sorbents can retain
intended analytes. Facorro et al. combined QuEChERS with SPE for multiple mycotoxins
in mixed feed rations [193]. Their method illustrates a matrix specific solution, not equal
recovery of every toxin.

Immunoaffinity columns (IACs) selectively retain toxins recognized by their immo-
bilized antibodies [149,194]. They can reduce interference, but capacity and solvent com-
patibility constrain their use. Unrecognized modified toxins may be lost during cleanup.
Conventional SPE offers different retention chemistries without requiring an antibody;,
although coextractives and analyte losses still require testing [143,194]. Selection of the
sorbent therefore changes both cleanliness and analytical coverage. A cleaner extract is not
necessarily a more representative toxin profile.

Dilute and shoot workflows avoid selective cleanup by diluting the extract before
instrumental injection. They preserve broad coverage but also introduce residual matrix
components. Sulyok et al. validated this approach for more than 500 microbial metabolites
across seven food matrices [195]. Extraction recovery and apparent recovery differed because
ion suppression or enhancement varied with matrix. Their results show why matrix effects
require examination across independent samples. Dilution also raises the effective detection
limit in the original food unless compensated by validated instrumental sensitivity.

Cereal extracts can contain starch and proteins, whereas nut extracts introduce sub-
stantial lipid interference [192,195]. Acidic or pigmented fruit matrices create different
extraction and optical problems. Compound feed adds variable ingredients and processing
histories, complicating transfer between formulations [193]. Puntscher et al. evaluated
free and modified Alternaria toxins in tomato sauce, sunflower oil, and wheat flour [196].
Their results should be interpreted for those matrices rather than all foods. Antigen assays
require separate attention because solvents suitable for toxin extraction may impair protein
recognition [169,197]. Harsh disruption can release more antigen while also changing its ac-
cessible epitopes. Matrix blanks and recovery experiments should accompany comparisons
between mild extraction and aggressive lysis.

6.7. Integrated Sample Preparation and Detection

Sample preparation and detection should be considered as a single analytical workflow,
because incomplete homogenization or lysis can reduce target recovery and lead to false-
negative or underestimated results. This is particularly important for heterogeneous food
matrices, where fungal contamination may be unevenly distributed [198,199].

Quality control should therefore cover the entire procedure, from homogenization to
detection. Process controls introduced before extraction, extraction blanks, matrix-matched
negative controls, and internal amplification or detection controls can help distinguish
target loss during sample preparation from assay failure. Replicate analysis and compari-
son with an established reference method can further assess method robustness [200,201].
ISO 16140-2 addresses validation of alternative microbiological methods, not chemical de-
termination of mycotoxins [202]. Official mycotoxin control requires the relevant sampling
and analytical performance criteria, including Regulation (EU) 2023 /2782 [181].
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Analytical performance should be evaluated using purified targets as well as spiked
and naturally contaminated samples. Matrix-spike experiments provide information on
recovery and matrix effects, whereas naturally contaminated samples better reflect the
heterogeneity and target distribution encountered in real food matrices [12,80,194].

Fortification after extraction cannot establish recovery during extraction. Naturally
contaminated samples also test analyte distribution and binding that a purified standard
may not reproduce [184]. Validation should examine reagent lots and storage stability,
alongside performance near the intended decision concentration. Testing by different ana-
lysts or laboratories provides stronger evidence of reproducibility than repeated measure-
ments on one device [67,181,202]. Experimental demonstrations should remain identified
as such until their intended matrices and decisions are supported.

Workflow for target-specific isolation of nucleic acids, fungal antigens, and mycotoxins
from food matrices is presented in Figure 6.

2. Sample

3. Target-specific isolation

Food matrices Nucleic acids  Fungal antigens Mvcotoxins
Fruits & Homogenization (DNA / RNA) (proteins) y
vegetables i 2 .
Cell lysis Protein Extraction with
‘ o i extraction organic solvent
4L Y ™ u N
i il
\j \J U
Cereals &
grains l Isolation /
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% & Dilution options
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% T |1 silica colurnn  be e s \J SPE
|
| i = -
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-
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T‘ Ultrafiltration

Clarification /
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Figure 6. Workflow for target-specific isolation of nucleic acids, fungal antigens, and mycotoxins
from food matrices. SPE, Solid-Phase extraction; IAC, Immunoaffinity Chromatography; QuEChERS,
Quick, Easy, Cheap, Effective, Rugged, and Safe method.

7. Future Perspectives

The future development of biosensing platforms for toxigenic fungi and mycotoxins
is increasingly focused on the transition from laboratory-based analysis toward rapid,
portable, and field-deployable diagnostic systems. Although chromatographic methods re-
main essential for confirmatory mycotoxin analysis, optical and electrochemical biosensors
offer attractive opportunities for rapid screening and decentralized monitoring across the
agricultural and food production chains [72].

A major research direction is the development of multiplex and multimodal platforms
capable of simultaneously detecting fungal biomarkers and their associated mycotoxins.
Such systems could measure fungal markers and toxins through separate recognition
channels. A fungal marker alone cannot establish the concentration of its associated
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toxin. This could help overcome the limitations of conventional workflows, in which
fungal identification and mycotoxin determination are performed separately. Optical
approaches, including fluorescence, SPR, surface enhanced Raman spectroscopy (SERS),
and colorimetric sensing, as well as electrochemical platforms based on differential pulse
voltammetry (DPV), square wave voltammetry (SWV), and Electrochemical Impedance
Spectroscopy (EIS), are particularly promising for multiplex analysis [203-205].

The integration of nanomaterials, including gold nanoparticles, graphene derivatives,
carbon nanotubes, quantum dots, MXenes, and metal-organic frameworks, is expected to
further improve signal amplification, sensitivity, and multiplexing capabilities. In parallel,
advances in aptamer selection, SELEX, and bioinformatics-assisted optimization may
facilitate the development of recognition elements capable of targeting both mycotoxins
and intact fungal cells [124,133,134].

Another important trend is the miniaturization and digital integration of biosensors
through screen-printed electrodes, microfluidics, portable optical readers, and smartphone-
compatible devices. Coupling these platforms with Al-assisted signal processing could
reduce operator-dependent interpretation and enable decentralized, on-site screening in
crops, storage facilities, and food processing environments [206-208].

Despite these advances, a major challenge remains the translation of promising proof-
of-concept results obtained under optimized laboratory conditions into reliable real-world
applications. Many biosensor studies demonstrate high analytical sensitivity and selectiv-
ity using controlled samples, whereas routine food-safety applications require validation
across relevant and diverse food matrices, naturally contaminated samples, laboratories,
and production batches. Sensor stability, reproducibility, matrix effects, cross-reactivity
in multiplex assays, and standardized performance criteria must also be systematically
addressed. Comparison with established reference methods and harmonization with regu-
latory requirements will be essential for demonstrating analytical reliability and practical
applicability. Addressing these limitations will be critical for translating advanced biosen-
sors from laboratory proof-of-concept systems into robust tools for early contamination
screening and preventive food safety management.

8. Conclusions

The rapid and reliable detection of mycotoxigenic fungi and their toxins is essential
for effective food safety monitoring and timely risk management across the food and feed
chain. Culture establishes recovery of viable fungi under selected conditions, while molec-
ular methods detect specified DNA targets. Biosynthetic genes indicate potential toxin
production, not measured contamination. Direct toxin analysis remains a separate end-
point, and antigen recognition alone does not establish viability. Affinity-based platforms
have expanded the possibilities for rapid screening offering advantages in terms of speed,
simplicity, portability, and potential for on-site analysis. However, sample preparation
remains a critical bottleneck, as fungal cell wall’s structure and complex food matrices
can significantly affect analytical performance and lead to matrix interference or false
results. Future developments should connect representative sampling with extraction
and validated detection. Naturally contaminated foods and independent testing remain
necessary before prototypes support routine decisions. Appropriate controls and portable
readouts may then improve practical monitoring. Such advances could facilitate sensitive
and cost-effective point-of-need detection and strengthen early surveillance and control of
fungal contamination and mycotoxins, ultimately supporting safer food and feed systems.
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