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Rapid and sensitive detection of mycotoxins in foodstuffs is of great significance. As a powerful
detection tool, biosensing technologies and microfluidic devices have shown a great potential in rapid
and on-site detection of mycotoxins. This review comprehensively summarized the latest advances on
the construction of microfluidic biosensors and their promising applications in on-site detection of
mycotoxins. Finally, future challenges and chances in this significant and promising field were

proposed.

Mycotoxins are the secondary metabolites of the fungi, which are the most
toxic and important contaminants in agricultural and food products'~. At
present, hundreds of mycotoxins have been found, including aflatoxin B1
(AFB1), aflatoxin M1 (AFM1), zearalenone (ZEN), ochratoxin A (OTA),
fumonisin B1 (FB1), patuli, and T-2 toxin, etc.*’. Among them, aflatoxins
are the most toxic and widespread potential carcinogens, classified as group
1A carcinogens by the International Agency for Research on Cancer
(IARC), while FB1 and OTA are classified as group 2B possible
carcinogens’. Mycotoxins have shown extremely potent teratogenic,
mutagenic, and immunosuppressive properties, which can cause multiple
diseases (e.g., cancer, chronic tubulointerstitial nephropathy, neural tube
defects, and cardiovascular diseases), posing a serious threat to humans
worldwide”™. Due to the high toxicity of mycotoxins, many countries have
established the maximum permissible limits of mycotoxins in foods". For
example, the European Union has established a maximum residue level
(MRL) for AFM1 of 0.050 ug/kg for adults and a lower level (0.025 pg/kg)
for children and infants, respectively’. The US Food and Drug Adminis-
tration has determined a MRL for aflatoxin in all foods of 20 pg/kg',
while the acceptability maximum limit for AFM1 in milk has been set as
0.5 pg/kg". China has stipulated that the OTA content in cereals, beans and
their products is less than 5.0 pg/kg. Moreover, the MRL of DON and ZEN
in grain and its products have been limited to 1000 pg/kg and 60 pg/kg,
respectively”’. Consequently, to control mycotoxins within a reasonable
concentration range, the development of sensitive detection methods
for the detection of mycotoxins is of great importance to protect the
public health.

So far, a variety of analytical methods have been developed for quan-
titative detection of mycotoxins, such as liquid chromatography tandem
mass spectrometry (LC-MS/MS) and high performance liquid chromato-
graphy (HPLC), etc.”. However, these methods usually suffer from some
limits (e.g., complex sample preparation procedures, time-consuming
operation, expensive equipment, and professional operators) to a certain
extent, which make it difficult to realize on-site and portable detection,
especially in remote and poor areas"”. To address these issues, many rapid
detection methods have been widely developed, such as biosensing
technologies'®. Biosensing as an emerging technology has been widely
applied for sensitive and rapid detection of mycotoxins in the last decades
due to its simple operation, portable design, as well as high selectivity and
sensitivity'”'". A biosensor is an analytical tool for identifying a target analyte
by using a biometric element for converting the recognition event into a
measurable signal'’. A biosensor usually comprises a biometric element, a
signal transduction element, and a display for recording data™. To realize
on-site detection, biosensors are successfully integrated with some advanced
portable devices (e.g., microfluidic devices) for improving their on-site
detection capacities.

Microfluidic chips, also known as Micro Total Analysis System
(UTAS), allow precise control of small volumes of fluid (107°~107" mL) in
channels of tens of micro™. Microfluidic systems possess many advantages,
such as simultaneous detection of multiple parallel samples, high
throughput, high sensitivity, short analysis times, as well as usage of only
small amounts of samples and reagents™. Microfluidics is an emerging field
involving interdisciplinary fields (such as micromechanics, nanotechnology,
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microelectronics, and bioengineering), and has been widely used in many
fields, such as genomic and proteomic studies, medical diagnostics, analy-
tical chemistry, biohazard detection, and environmental monitoring’"***.
Notably, these advantages are crucial for adapting to the new era of rapid and
on-site detection, where diverse biosensors have been successfully integrated
with microfluidic devices to achieve portable, high-throughput, and on-site
detection of mycotoxins™.

Currently, Microfluidic biosensors with high efficiency and out-
standing detection performances have been widely applied in the mycotoxin
detection”. However, the applications of microfluidic biosensors for on-site
detection of mycotoxins have not been specifically summarized. In this
review, we summarized the latest progresses on microfluidic biosensing
technologies for on-site detection of mycotoxins in food samples. Firstly, the
preparation and characteristics of commonly used microfluidic devices (i.e.,
silicon, glass, PDMS, PMMA, and paper-based microfluidic chips) for
detection of mycotoxins were summarized, and their advantages and dis-
advantages were discussed and compared. Then, the roles of microfluidic
devices in the mycotoxin detection process (ie., sample preparation,
separation, multiplex analysis, as well as the integration with the detection
system) were summarized. After that, characteristics and functions of the
recognition elements towards mycotoxins (e.g., antibodies, aptamers, and
MIPs) were simply introduced and discussed. In addition, surface chemical
methods for different recognition elements modified on the microfluidic
chips were also discussed. In the end, applications of microfluidic biosensing
technologies based on different sensing modes (i.e., colorimetric, fluores-
cence, SERS, electrochemical, photoelectrochemical, and dual-mode) for
mycotoxin detection were summarized and compared. Impressively, future
challenges and opportunities in this important and promising field were put
forward (Scheme 1).

Preparation and roles of microfluidic devices
Microfluidic analytical platforms are characterized by low reagent and
sample consumption, low fabrication costs, high throughput, high effi-
ciency, high sensitivity, and high portability, which facilitate on-site
detection®®. Moreover, microfluidic devices can be used to simultaneously
react, separate, and detect various compounds on a single chip”. Benefiting
from their superior performances, these advanced microfluidic devices have
been successfully applied in mycotoxin detection. In this section, we briefly
described the types of microfluidic devices and the role they play in
mycotoxin detection.

Preparation and characterization of microfluidic devices

The microfluidic devices as one of the core elements play an important role
in the development of microfluidic detection technologies. In this section,
we focused on discussing the preparation and respective characteristics of
different types of microfluidic devices (microfluidic chips and paper-based
microfluidic devices). Moreover, the advantages and disadvantages of these
microfluidic devices were also discussed and compared. According to their
application and functional characteristics, microfluidic chips can be fabri-
cated using different materials via different fabrication methods. The
characteristics of fabrication materials can affect the functionality, absorb-
ability, mobility, and biocompatibility of microfluidic devices™. Moreover,
the diversity and quality of materials are also improving according to
application requirements. Initially, microfluidic chips are usually prepared
using silicon and glass. Silicon was the first material used in preparation of
microfluidic chips due to its excellent chemical compatibility and thermal
stability”®. A simple silicon-based microfluidic chip consists of a silicon (Si)
slot waveguide, a silicon dioxide (SiO,) substrate, and a covering cladding
layer (Fig. 1A)”. However, its high price and fragile nature, as well as its
opacity makes it incompatible with the optical detection in the visible and
ultraviolet regions, which limits its wide applications to a certain extent™.
Due to their excellent optical transparency and good compatibility with
biological samples, glass-based microfluidic chips have been widely used in
analytical applications (Fig. 1B)***". Nevertheless, glass-based microfluidic
chips usually suffer from the complex glass manufacturing process and

brittle characteristics, as well as require high temperatures during the
bonding process, which limit their widespread applications. Due to the
inherent shortcomings of glass and silicon, some emerging materials (e.g.,
polymer substrates, and paper) have been successfully used to fabricate cost-
effective microfluidic devices. Compared with inorganic materials, poly-
mers have many advantages (e.g., low cost, easy fabrication, and simple
fabrication techniques), which greatly facilitate fabrication of novel micro-
fluidic chips®. Currently, the most commonly used polymer materials (e.g.,
polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA))
have played an important role in preparation of microfluidic devices.
PMMA as a common thermoplastic material has been widely used in
preparation of microfluidic chips due to its good insulating properties,
compatibility, and surface gloss”. PMMA is usually pre-prepared in solid
form and then manufactured by thermoforming, which allows for low-cost
and fast production. PMMA-based microfluidic chips (Fig. 1C) have been
widely used for optical sensing (e.g., colorimetric and fluorescence sensing)
due to their excellent light transmission and optical properties’*”. However,
this manufacturing method usually requires high temperatures and is time-
consuming during processing”’. PDMS, a strong, optically transparent,
plastic, stable, and biocompatible polymer, is one of the most commonly
used materials in the fabrication of microfluidic chips, which has attracted
wide attention. Soft lithography is commonly applied to PDMS-based chip
fabrication, which allows for the formation of high-resolution patterns on
the PDMS layer. However, PDMS materials also suffer from some limita-
tions, such as non-specific adsorption to proteins’”*. As shown in Fig. 1D,
PDMS-based microfluidic chips usually consist of an array of crossed digital
electrode transducers, a PDMS microfluidic structure, and a microarray for
performing analysis”. Although microfluidic chips based on PMMA or
PDMS materials have been applied in fields of separation and analytical
science, they still suffer from some deficiencies (such as high cost and
complex preparation processes). Therefore, the design and development of
low-cost and easily prepared microfluidic chips are of great importance®.
Compared with microfluidic chips based on PMMA or PDMS materials,
paper-based microfluidic analytical devices (LPADs) have many advantages
(e.g., low cost, simpler manufacturing process, and higher plasticity), which
have been widely developed and obtained widespread applications. uPADs
are considered a slightly different technology from polymers and inorganic
microfluidics, and their porous nature allows them to be modified with a
variety of chemical and biological reagents*'. Besides, their capillary effect
eliminates the need for an external power supply and simplifies device
construction”’. uPADs are typically constructed by forming surface pat-
terning on a paper substrate by screen printing techniques, inkjet printing,
or batik, forming various shapes of hydrophilic microchannels and reaction
chambers by layer-by-layer printing, wherein the hydrophilic channels are
separated by hydrophobic barriers”. In addition, many other techniques
have been used in the manufacture of pfPADs (e.g., flexographic printing,
photolithography, hand-painting, laser processing, and plasma
processing)*“. For example, Fig. 1E showed the fabrication of microfluidic
devices from omniphobic paper using embossing technique®. Mold a and
Mold b are pressed together on the paper with pressure (about 0.2 kg/cm?).
The “T” shaped channel is embossed. This three-dimensional microchannel
system can be used as a phase separator and droplet generator. As shown in
Fig. 1F, uPADs were prepared using an inkjet printing technique by shearing
and pasting the hydrophilic regions printed on filter paper onto transparent
adhesive tape to use as a hydrophobic barrier'’. Moreover, in order to solve
the problem of poor biocompatibility of PDMS, more biologically relevant
hydrogel materials (e.g., gelatin, alginate, polyethylene glycol diacrylate, and
gelatin methacrylate) have been developed for the construction of micro-
fluidic chips”. Due to the high water content, hydrogels also show the
excellent biocompatibility and biodegradability®. Benefiting from their
outstanding perforces, hydrogel materials have also been widely used for the
preparation of microfluidic devices”. However, the low mechanical strength
and swelling properties of hydrogel may lead to serious deformation of chip
structure, and thus it is necessary to strengthen its mechanical properties in
future.
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Scheme 1 | Schematic illustration of microfluidic biosensing technologies for mycotoxin detection.

Roles of microfluidic devices in mycotoxin analysis

Encouraged by their advantages of portability, high throughput, and high
sensitivity, microfluidic devices have been successfully applied in the con-
struction of multi-functional and integrated detection platforms. In a
microfluidic detection system of mycotoxins, the microfluidic devices
mainly play two roles: (1) Sample separation and preparation; (2) Integra-
tion with the detection system. Therefore, in this section, we mainly focused
on discussing the roles of microfluidic devices in mycotoxin detection.

Sample separation on microfluidic devices. Sample separation is the
first step in the detection of mycotoxins in food and a prerequisite for
the sample-to-result capability of the integrated microfluidic device.
Appropriate sample preparation can increase detection accuracy and
recovery rate. Routine sample preparation typically includes (1) an
extraction method for extracting the substance from a test sample
using a suitable solvent, and (2) a cleaning or purification step to reduce
interference from the food matrix and to concentrate an analyte con-
taining a low abundance of the substance for measurement™. Liquid-
liquid extraction, solvent extraction, solid-phase extraction, and
immunoaffinity solid-phase extraction have been applied for sample
pretreatment before determination of mycotoxins by capture agents'.

The capture agent is then used to capture the target substance, thereby
facilitating complete separation of the target substance. However, these
methods usually suffer from cumbersome and time-consuming
operations, which limit their applications in on-site detection. Inte-
grating sample separation into a microfluidic system can greatly sim-
plify the detection process and improve detection efficiency’’. For
example, a microfluidic system integrating with the bacterial cell
enrichment, cell lysis, DNA extraction, and loop mediated isothermal
amplification (LAMP) for the pathogen detection has been
developed™. Remarkably, Gowda et al. utilized the highly adsorbent
polymer beads to retain the bacteria in a microfluidic chip through size
repulsion and negative surface charge for realizing efficient separation.
Target cells are enriched and then lysed by knockdown to extract DNA.
Finally, the detection is achieved by specific LAMP. Microchannels as
the basic geometry of microfluidic chips can form connected networks
for rapid sample separation, sorting, and focusing, offering many
competitive advantages (e.g., convenience, high throughput, flexible
integration of interrogation units, low cost, as well as low reagent
consumption)”. As shown in Fig. 2A, a microchannel was designed for
realizing the extraction, concentration, and detection of OTA™. First,
the salt-rich phase (SRP) and the PEG-rich phase (PRP) were present
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Fig. 1| Different materials of microfluidic chips. A Silicon”. This is an open access
article under the CC BY-NC-ND license. B Glass®'. Copyright 2018, The Royal
Society of Chemistry. C PMMA™. Copyright 2021, American Chemical Society.
D PDMS”. Copyright 2015, Elsevier B.V. E Fabrication of microfluidic devices for

omniphobic paper using embossing technique*. This is an open access article under
the CC BY-NC-ND license. F Paper-based microfluidic chip preparation using
inkjet printing technology*’. Copyright 2017, The Royal Society of Chemistry.

in part I. Then, molecular distribution was carried out along the
2.72 cm long separation channel, and OTA was completely distributed
into PRP. A small part of the primary PRP was collected in part II.
Then, the collected PRP was mixed with the solution containing the
primary antibody in part III. After passing through the micro mixing
area, 1/3 of the channel is diverged to the icFLISA channel (Part IV).
Finally, as shown in part V, the OTA-BSA conjugate was previously
adsorbed. For instance, Hervds et al. developed a competitive
immunoassay-microfluidic device for separation and detection of
ZEN™. The strategy creatively utilized a double t-shaped microchannel
layout. The fluids in the different chambers were driven by an electric
field procedure appropriately attached to the vessel. This resulted in the
reactions between the different chambers, which sequentially per-
formed immune interactions and enzymatic reactions, thus achieving
the sample separation'.

Integration of microfluidic devices with detection systems. Micro-
fluidic chips can provide controlled microenvironments for precise
manipulation of mycotoxins on a microscopic scale. On this basis, var-
ious analytical techniques (e.g., optical and electrochemical) have been
successfully integrated into microfluidic systems to establish a highly
sensitive, reproducible, and portable detection platform®*. Optical
detection methods mainly include colorimetric assays, fluorescent assays,
and SERS-based assays. The colorimetric detection method is a rapid and
simple method, which mainly relies on the color change generated by a
chemical reaction. Colored nanomaterials have been widely used in
mycotoxin detection due to their excellent visibility. Colloidal AuNPs
(e.g., irregular-shaped gold nanoflowers, gold nanorods, and spherical
AuNPs) are the most commonly colored nanomaterials because of their
bright colors and excellent chemical stability"’. In addition, compared
with colloidal AuNPs, carbon nanomaterials (e.g., carbon nanospheres,

npj Science of Food | (2025)9:84


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00444-5

Review

—_ e e e e e e e e = e e e e e e e e e e e o = ==

* SRW

*% PRP
% %% |gG solution

O icFLISA channel

.‘"A.“.‘\VAVAVAVA‘.‘.'AV"J.' “.VA

A

Fig. 2 | Different roles of microfluidic devices. A A microchannel structure for the extraction, concentration, and detection of OTA™. Copyright 2014, The Royal Society of

Chemistry. B A microfluidic device for multiple analysis'”

. Copyright 2019, American Chemical Society.

carbon nanotubes, and carbon nanofibers) have the higher sensitivity.
Additionally, they have unique advantages in terms of mechanical
strength, optical properties, surface and interface properties, and che-
mical stability”’. Compared to spectroscopic or chromatographic meth-
ods, colorimetric methods are more intuitive, cheaper, simpler, and more
visually appealing™. At present, colorimetric methods have been inte-
grated into microfluidic devices for real-time, rapid, and on-site detection
of mycotoxins in food samples™ . Fluorescent detection is an important
branch of optical detection methods based on the fluorescence

enhancement, fluorescence extinction variations (i.e., “turn on” or “turn
off”), or fluorescence resonance energy transfer (FRET) caused by the
target analytes®. Fluorescence detection methods have shown many
advantages (e.g., high sensitivity, simple operation, and good precision)®.
Fluorescent nanoparticles, such as quantum dots (QDs), dye-doped
nanoparticles, and upconversion nanoparticles (UCNPs), have also been
considered as promising reporters in sensing analysis due to their strong
luminescence and strong photostability’’. Benefiting from their advan-
tages, fluorescence detection methods have been successfully combined
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with microfluidic devices for on-site detection of mycotoxins**”'~”’. SERS
is a powerful optical technique based on the enhancement of the inherent
weak Raman signals of molecules adsorbed on or near the surface of
precious metal nanostructures (such as silver (Ag) and gold (Au)) via the
mechanisms of chemical enhancement (CM) and electromagnetic
enhancement (EM)”. SERS has exhibited many advantages (e.g., high
sensitivity, rapidity, narrow spectral bands, and unique fingerprints of
target molecules)”. In recent years, polystyrene (PS) ball lithography and
three-dimensional (3D) printing techniques have been used to fabricate
an integrated platform of PDMS-based microfluidic devices and SERS
analysis for mycotoxin detection®*"". This strategy can produce uniform
nanoparticle arrays with high regeneration rates, which facilitate the
production of uniform and reproducible plasma enhancement’. Elec-
trochemical transduction methods, such as electrochemical (ECL) assays
and photoelectrochemical (PEC) assays. ECL detection methods can be
classified as amperometric and conductivity methods, which can be used
for quantitative analysis of targets using the processable and quantifiable
electrical signals produced from a variety of electrochemical reactions®.
ECL detection of targets through electrical signals (e.g., as capacitance,
current, potential, impedance, and conductivity) has shown many
advantages (e.g., low cost, fast response time, controllability, and high
sensitivity)”. It's worth mentioning that ECL detection methods have
been integrated with microfluidic systems for the detection of
mycotoxins*™. PEC detection is established based on a photoexcitation
and electrochemical detection process”. PEC detection has exhibited
many advantages, such as simple operation, high sensitivity, and fast
response’”. Currently, PEC biosensors are replacing electrochemical
sensors in a wide range of applications due to their low background signal
caused by the independent excitation source and detection signal™.
Microfluidics and PEC biosensors have been integrated to construct a
multifunctional PEC biosensing platform, which improves the versatility
of PEC biosensors™ . By now, plenty of detection systems have been
integrated with microfluidics for mycotoxin detection, but the integra-
tion and intellectualization of these detection platforms remain to be
improved.

Multiplex analysis in microfluidic devices. Because the reaction space
on the microfluidic device is relatively independent, the sensitivity and
specificity of each measurement can be ensured in multiple analysis”.
Therefore, the multiple analysis technologies based on microfluidic
devices show great potential in the mycotoxin detection, which can
reduce the sample size, shorten the detection time, achieve high
throughput, and reduce the experimental error, without affecting the
detection sensitivity™’. For example, physical or chemical modification
technologies (e.g., wax, silk screen or inkjet printing, plasma processing,
photolithography, and even cutting) can be used to reasonably design the
channels of yPADs, so as to guide several microliters of liquid to a specific
detection area for multiple analysis™. Moreover, a microfluidic biosen-
sing device using 3D printing die and micro valve to realize multiple
analysis was developed'”. As shown in the Fig. 2B, the device was com-
posed of five main channels (A, B, C, D, and E), which could be coated or
filled with different samples. Channel X is designed for filling reaction
solution, which can pass through all 5 corresponding channels. The
application of positive and negative pressure to these channels can
control the valve opening and closing mode, and then cause each channel
to be filled on demand. The device provides the ability to perform
sequential and parallel biochemical analysis on demand. Although
microfluidic platforms with multiple analysis show a great potential in
the field of analysis science, the development of more efficient micro-
fluidic platforms remain to be further explored.

Recognition elements towards mycotoxins

Recognition elements

Currently, common recognition elements for mycotoxin detection mainly
include antibodies, aptamers, molecularly imprinted polymers, etc.

According to their types, we mainly discussed and summarized the char-
acteristics and preparation methods of these recognition elements, as well as
compared their advantages and disadvantages in the detection of myco-
toxins in this section.

Antibodies. Classical antibodies are considered to be the most popular
bioreceptor components that can be integrated into immunoassays
through antibody/antigen interactions for highly specific target
recognition'”’. And the integration of different antibodies into a multi-
channel microfluidic device allows the quantitative analysis of myco-
toxins in a high-throughput manner". Based on different production
methods, antibodies can be classified into three different types: mono-
clonal, polyclonal, and recombinant. Among these antibodies, mono-
clonal antibodies are the most commonly used in the detection of
mycotoxins'”. However, traditional antibodies usually suffer from many
shortcomings (e.g., high production costs, low yields, large batch-to-
batch variations, and poor stability), which limit the development of
immunoassays to a certain extent. In recent years, nanoantibodies (Nbs)
have been rapidly developed due to their advantages (e.g., small mole-
cular mass (about 15-17 kDa), good thermal stability, high solubility, low
immunogenicity, and easy production)'”"'®. Pure heavy chain anti-
bodies (HcAb) are naturally free of light chains and lack the CH1
structural domain, which were first identified in camel (Camelus dro-
medarius) serum by Hamers et al. Since then, camel antibodies have
received increasing attention due to their convenience for biotechnolo-
gical applications'”. As shown in Fig. 3A, the basic structure of a classical
antibody is a Y-shaped tetrapeptide chain, which consists of two identical
heavy chains and two identical light chains. Camelid HcAb consists only
of heavy chains, in which the antigen-binding site is formed only by
variable domain of heavy chain of heavy-chain antibody (VHH). These
VHHs can be expressed recombinantly and are referred to as VHH
antibodies or single domain antibodies (sdAb)'”. VHH antibodies are
also referred to as nanobodies due to their nanoscale size. As shown in
Fig. 3B, recombinant antibody technology has been used to create phage-
displayed Nb libraries'”. To benefit from the exquisite in vivo antibody
affinity maturation process, camelids are usually immunized before
isolation of antibodies. Following weekly booster immunization, total
Ribonucleic Acid (RNA) was extracted from peripheral blood lympho-
cytes, which are isolated from whole blood. And their cDNA was syn-
thesized using a reverse transcriptase technology. Nb coding fragments
from Immunoglobulin G (IgG) 2 and IgG3 (a subset of IgG antibodies
that lack the light chain) were amplified and cloned into M13 phage
vectors to construct phage-displayed Nb libraries'”. For mycotoxins,
competitive elution is generally used to elute phage binding to immo-
bilized targets, resulting in the isolation of high-affinity Nbs. Nbs have
been found to be easily expressed in eukaryotic or prokaryotic expression
systems, which are more robust under extreme conditions. It’s worth
noting that Nbs are readily used as substitutes for artificial antigens.
Numerous studies have shown that Nb technology is a powerful and
promising technology for completing advanced applications in myco-
toxin detection'”. Although antibodies and Nb have been widely applied
in mycotoxin detection, they still suffer from high costs and complex
preparation to a certain extent. Thus, it is urgent to design and develop
novel low-cost alternatives to antibodies and Nb for mycotoxin

detection'"’.

Aptamers. Aptamers are single-stranded oligonucleotides that can fold
into unique secondary or tertiary structures to recognize and bind to
target molecules'"'">. The affinity between the aptamer and target
molecules can reach the level of mM-pM in comparison to that of the
antibody level'”. Compared with antibodies, aptamers have many
superior advantages (i.e., short screening cycles, low cost, tunable selec-
tivity and affinity, inherent stability to denaturation and re-denaturation,
as well as structural analogs or cross-reacting substances). Encouraged by
their advantages, aptamers have been widely applied in the construction
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Fig. 3| Different types of recognition elements. A (a) Schematic representation ofa
conventional antibody (IgG) and (b) a heavy chain camel antibody'*. This is an open
access article under the CC BY-NC-ND license. B Schematic diagram of Nb library
construction by recombinant antibody technology'®. This is an open access article

under the CC BY-NC-ND license. C Schematic illustration of the cell-based apta-
mers selection'". This is an open access article under the CC BY-NC-ND license.
D Schematic illustration for preparation of MIPs'*. Copyright 2014, The Royal
Society of Chemistry.

of biosensors for the detection of mycotoxins (e.g., AFB1, AFM1, OTA,
and FB1)". The development of aptamers is closely linked to the advances
in screening techniques. Nucleic acid aptamer screening techniques are
basically performed by systematic evolution of ligands by exponential
enrichment (SELEX), which mainly involves the binding, isolation, elu-
tion, amplification, and conditioning. Nucleic acid aptamers are gen-
erally obtained by SELEX screening, which usually begins with a library of
random oligonucleotides. During this process, the complexity and
diversity of the screen depend on the number of random nucleotides. In
addition, a newer process called cell-SELEX has been used to produce the
aptamers that specifically bind to a certain cell line, specifically cell sur-
face molecules, based on unique extracellular properties (Fig. 3C)""".
Briefly, pools of single-stranded DNA (ssDNA) were incubated with
target cells. After washing, the bound DNA is eluted and then incubated
with negative cells for reverse selection. After centrifugation, the super-
natant is collected and the selected DNA is amplified by polymerase chain
reaction (PCR). Subsequently, the PCR products are isolated as the
ssDNA for the next round of selection, or cloned and sequenced for
aptamer identification in the final round of selection. Although aptamers
have been widely used in mycotoxin detection, they still suffer from the
relatively high cost and complex preparation process to some extent.
Moreover, the binding affinity of aptamers may also suffer from low
efficiency in mycotoxin recognition. Therefore, there is an urgent need to
design and develop novel and low-cost alternatives to aptamers and
antibodies for mycotoxin detection'".

Molecularly imprinted polymers (MIPs). MIPs are polymers that contain
specific cavities complementary to the spatial and functional groups of the
template molecule, which can be used for analyte recognition or

identification of polymers with similar structures. MIPs are prepared and
synthesized using the molecular imprinting technologies''"”. Molecular
imprinting technology can be imaginatively described as a method of
creating molecular locks to match molecular keys'"®. Compared with nat-
ural antibodies, MIPs have many advantages (such as high mechanical
strength, low synthetic cost, no requirements for special storage environ-
ment, long storage time, and a wide range of applicable temperatures),
which enable MIPs to be an emerging alternative to antibodies in mycotoxin
detection'”. Benefiting from their numerous merits, MIPs have been widely
used in many fields, such as solid-phase extraction, nano-enzymes, food
safety analysis, chromatographic separation, and biosensors'*"'*. Cur-
rently, it has been combined with microfluidic chips for the detection of
ZEN in food”. As shown in Fig. 3D, MIPs can be synthesized in the fol-
lowing three main steps. Firstly, the template molecule interacts with the
functional monomer in the solution system to form a reversible template
molecule-functionalized monomer pre-polymer. Secondly, under the syn-
thetic conditions of heating or light, the initiator triggers the cross-linking
agent to cause the polymerization of the functional monomer around the
template, forming the polymer with a certain degree of mechanical strength.
At last, after the polymerization, the template molecules are eluted through
the disruption of the force between the template and the binding sites'”.
After that, 3D cavities fully complementary to the template in shape, size,
and position of functional groups are produced. These three-dimensional
cavities can match the template molecules, which allows the MIPs to effi-
ciently recognize the molecules. Although MIPs have many advantages
(e.g., high mechanical strength, low cost, and reusability), their types are
relatively few compared with those of antibodies. Therefore, developing
novel types of MIPs for mycotoxin recognition to realize the mycotoxin
detection is of great significance.
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Surface chemical modification of recognition elements

Surface chemistry is one of the important factors to improve the analytical
performance of microfluidic biosensing technology, which is used for
modifying the recognition elements on the microfluidic chip'”. The
immobilization methods of recognition elements play an important role in
maintaining their binding activity. Physical adsorption is a common fixation
method for surface chemical modification of recognition elements. How-
ever, the orientation of sensor elements fixed by physical adsorption is small
and the conformation is difficult to control. Moreover, physical adsorption
has certain limitations on the interaction strengthm. Therefore, surface
chemical reactions that produce three-dimensional structures are usually
preferred because they have higher loading capacity and preserve the
molecular structure, and maintain unaltered molecular activity'”’. For
example, polymer coating is a common method to immobilize molecules on
sensing surfaces'”. First, the bare surface is activated to expose reactive
groups. Then, the activated surface reacts with the polymer to form a uni-
form and stable coating. Finally, the biomolecules deposited on the surface
react with the functional groups of the polymer to achieve immobilization.
In addition, to improve the immobilization efficiency, the existing thin-layer
materials can also be molded into nanostructures. It has higher load capacity
and better spot morphology, and can control the wettability of the micro-
fluidic surface'”'. To further improve the detection performance of micro-
fluidic biosensing technologies, much more efficient surface chemical
modification methods remain to be further explored.

Applications of microfluidic biosensors for detection of
mycotoxins

To date, a large number of microfluidic biosensors have been successfully
developed for mycotoxin detection in food samples. In this section, we
mainly systematically discussed and summarized the applications of
microfluidic biosensors in mycotoxin detection (Table 1). According to
different sensing modes, these microfluidic biosensors for mycotoxin
detection were mainly classified into the following types, including colori-
metric, fluorescent, SERS, electrochemical, photoelectrochemical, and dual-
mode detection, etc.

Colorimetric detection

Due to their advantages (e.g., simple operation, low cost, and visual readout),
colorimetric microfluidic biosensors have been used for real-time, rapid, and
on-site detection of mycotoxins in food samples™”. For example, Gandhi’s
group constructed a colorimetric uPADs for the detection of OTA using 36-
aggregate aptamers (Fig. 4A). In this microfluidic system, uPADs consisted
of three zones (i.e., a control zone, a detection zone, and a sample zone),
which were connected to each other through channels. The aptamer could be
physically bound to the surface of the gold nanoparticles (AuNPs) and was
displaced by the existence of OTA. The detection zone and control zone
contain the AuNPs coated with OTA aptamers. OTA was added to the
sample zone and allowed to pass through the microfluidic channel. There-
fore, in the presence of OTA, the AuNPs/OTA aptamer detection zone
showed a significant aggregation (color change to dark gray). However, no
aggregation was observed in the absence of OTA (color is red). To perform
quantitative analysis, OTA at different concentrations were added into the
test tube with fixed aptamer concentration, and NaCl was added into the
OTA aptamer adsorbed on the surface of AuNPs, and finally the color
changes were observed. The resulting solution was transferred into a 96 well
plate, and absorbance ratios of A630 and A520 corresponding to the
wavelengths of aggregated (gray) and dispersed (red) AuNPs were measured
by UV-vis spectroscopy”’. The developed colorimetric uPADs possessed low
limit of detection (LOD) of 242.00 ng/mL (water), 545.45 ng/mL (maize),
and 95.69 ng/mL (peanut), respectively. By combining colorimetric detec-
tion with the image recognition technology and smartphones, the rapid and
portable detection could be realized. In this method, the smartphone was
usually used for data processing and output, providing better visual effects'””.
For example, Jessica et al. established a PDMS microchannel-based, col-
orimetric, autonomous capillary microarray for enabling a multiplexed and

semi-quantitative immunoassay analysis. Results were obtained using a
standard smartphone camera and analyzed using a simple greyscale quan-
tification procedure®. The device completed the multiple detection of OTA,
AFB1, and DON in approximately 10 min, with LODs of <40 ng/mL for
OTA, 0.1-0.2ng/mL for AFB1, and <10ng/mL for DON, respectively.
Subsequently, Tang et al. constructed a uPAD using a smartphone for the
rapid detection of AFB1. The colorimetric mechanism of pPADs was on
the basis of the common starch-iodine reaction, which was enhanced by the
addition of gelatin/chitosan. Competition analysis occurred during detection
of AFBI, in which AFB1 monoclonal antibodies were used for the recog-
nition of free AFBI and the functionalized antigens. Glucose oxidase-labeled
IgG was used as secondary antibody. Hydrogen peroxide, an oxidation
product of glucose, led to the color change in pPADs®. The colorimetric
change was proportional to the change in AFBI concentration. Under the
optimized conditions, the LOD of AFB1 in the buffer was 9.45 ng/mL. This
strategy allowed the quantification of AFB1 content by color change with the
naked eye or a smartphone, which was more sensitive and easier to observe
than before. Hydrogel, as an emerging material, has also been applied to
microfluidic devices with satisfactory properties, such as fast molding speed,
and good hydrophilicity”’. For example, Ma et al. applied hydrogels to a
microfluidic volumetric bar chart chip (v-chip) for highly sensitive and
portable AFB1 detection (Fig. 4B). The hydrogels were preloaded with
AuNPs for visual AFB1 detection. Upon introduction of AFB1, the aptamer
bound to AFBI led to disruption of the hydrogel to release AuNPs. After that,
the color of the supernatant changed from colorless to red*. The method for
detection of AFB1 in beer showed a linear range from 0.25 uM to 40 pM with
aLOD of 1.77 nM (0.55 ppb). Although plenty of colorimetric microfluidic
biosensors have been widely established for real-time, rapid, and on-site
detection of mycotoxins, they usually suffer from potential background
interferences (e.g., complex sample matrices), which may affect the detection
results. In addition, the sensitivity of colorimetric microfluidic biosensors
remain to be further improved™.

Fluorescent detection

Compared with colorimetric microfluidic biosensors, fluorescent micro-
fluidic biosensors possess higher sensitivity and show many other advantages
(such as simple implementation, good precision, and multi-detection cap-
ability). Encouraged by their superior performances, fluorescent microfluidic
biosensors have been widely applied in the on-site detection of mycotoxins™.
For example, by using a PDMS gravity-driven cycling microfluidic chip,
Xiang et al. developed a two-signal microfluidic biosensor to achieve rapid
and sensitive detection of AFB1 (Fig. 4C). Based on the PS microspheres
coupled with a competitive antigen (AFB1), a system was designed to control
the reaction process by adjusting the tilt angle and a 3D reaction interface. The
quantum dot (QD)-coupled streptavidin as a reference signal enabled the
system to achieve a stable operation. Utilizing the designed microfluidic chip,
a fluorescent competitive immunometric assay based on the “turn on” mode
was constructed, and the obtained fluorescence measurement results were
proportional to the AFB1 concentration”. This microfluidic device enabled
ultrasensitive quantitative detection of AFB1 within several minutes, with a
LOD of 6 x 10~° pug/mL in the linear range of 2 x 10~*-0.5 pg/mL, which had
many advantages (e.g., high specificity, good precision, and good reusability).
Soon after, based on the disruption of FRET between UCNPs and Cu-TCPP
nanosheets, Lin et al. designed a portable fluorescent microfluidic biosensor
for the simultaneous determination of OTA and ZEN in maize flour. Blue and
green bicolor UCNPs were functionalized by OTA aptamer and ZEN apta-
mer, respectively. Moreover, Cu-TCPP nanosheets were used as bursting
agents. After that, OTA aptamer-functionalized blue color UCNPs and ZEN
aptamer-functionalized green color UCNPs were respectively mixed with
Cu-TCPP, which were separately loaded into two different regions of the
microfluidic device (i.e., region 1 and region 2), leading to the recovery of
green and blue fluorescence, respectively. The blue-green fluorescence
recovery was observed by visual observation or by taking pictures using a
portable smartphone. On this basis, OTA and ZEN could be simultaneously
and sensitively detected”. The developed fluorescent paper-based
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Table 1 | The reported microfluidic system for the detection of food mycotoxins

Mycotoxins Recognition Biosensing modes Chip manufacturing Detection range LOD Food matrix Ref
elements materials
DON
Antibodies Colorimetric Paper-based / 1 pg/mL Corn flour 67
Antibodies Colorimetric PDMS / <10 ng/mL Corn feed 60
Antibodies Colorimetric Paper-based 0.01-20 ppm 4.35-6.44 ppb Food, feed, and feed 61
ingredients
Aptamers Fluorescence PDMS 107°-10" ng/mL 1.5 fg/mL Corn, peanut, 7
and wheat
Antibodies Fluorescence PDMS / 1.7 ng/mL / 74
Antibodies Fluorescence PDMS 62.5-1000 ng/mL 0.035 pg/mL Wheat, barley, corn 75

meal, and wheat-
based products

Antibodies Fluorescence PMMA 11.1-124.2 pg/kg 1.09 ng/mL Cereals 76
Antibodies Electrochemical PDMS 0.2-60 ppb 35 pg/mL Ground corn 84
AFM1
Aptamers Colorimetric Paper-based 1uM-1 pM 10nM Milk 62
OTA
Antibodies Colorimetric PDMS / <40 ng/mL Corn feed 60
Aptamers Colorimetric Paper-based / 242,545.45,and  Water, corn, and 63
95.69 ng/mL groundnut
Aptamers Fluorescence Paper-based 0.1-50 ng/mL 0.098 ng/mL Corn flour 72
Aptamers Fluorescence PDMS 107°-10" ng/mL 3.9 fg/mL Corn, peanut, 7
and wheat
Aptamers SERS-based PDMS / / / 80
Aptamers SERS-based PDMS / 500 nM / 81
Aptamers Electrochemical PMMA 0.005-50 ng/mL 1.21 pg/mL Wheat and corn 87
Aptamers Photoelectrochemical / 0.01 0.0035 pg/mL Wheat flour 95
pg/mL-200 ng/mL
Aptamers Fluorescence/colorimetric / / 0.011/ Heat 145
0.008 pg/kg
AFB1
Antibodies Colorimetric PDMS / 0.1-0.2 ng/mL Corn feed 60
Aptamers Colorimetric Paper-based 1pM-1puM 10nM Animal feed and milk 64
Antibodies Colorimetric Paper-based 8-25ng/mL 9.450 ng/mL Food and grains 65
Aptamers Colorimetric Glass, hydrogel 0.25-40 pM 1.77 nM Beer 66
Aptamers Fluorescence PDMS 107°-10" ng/mL 2.3 fg/mL Corn, peanut, 71
and wheat
Antibodies Fluorescence PDMS 0.2-500 ng/mL 0.06 ng/mL Milk, corn, and rice 73
Antibodies Fluorescence PMMA 0.05-2.2 pg/kg 0.003 ng/mL Cereals 76
Antibodies Electrochemical PDMS 1pg/mL-300ng/mL  0.295 pg/mL Sweet corn 86
Antibodies Electrochemical PMMA 107'2-107" g/mL 1 pg/mL / 88
Antibodies Photoelectrochemical / 0.01-20 ng/mL 2.1 pg/mL Peanut 96
Antibodies Photoelectrochemical / / 0.08 pg/L Feedstuffs 94
Aptamers Colorimetric/ Paper-based 50 fg/mL-50 ng/mL 7.8 fg/mL Corn 146
electrochemical
ZEN
Antibodies Colorimetric Paper-based / 1 pg/mL Corn flour 67
Aptamers Fluorescence Paper-based 0.5-100 ng/mL 0.44 ng/mL Corn flour 72
Aptamers Fluorescence PDMS 10°-10" ng/mL 2.6 fg/mL Corn, peanut, 71
and wheat
Antibodies Fluorescence PMMA 1.45-375.75 pg/kg 0.05 ng/mL Cereals 76
MIPs Fluorescence PDMS 1-10 mg/mL 0.1 mg/mL Food and feed 77
Antibodies Electrochemical Paper-based 10-1000 pg/kg 4.40 pg/kg Corn 89
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Table 1 (continued) | The reported microfluidic system for the detection of food mycotoxins

AuNPs

! |

free AuNPs in

presence of NaCl ! \

OTA
contaminated
grains

Anti-AFB: mAbs © QD 620

@ PS microspheres

Mycotoxins Recognition Biosensing modes Chip manufacturing Detection range LOD Food matrix Ref
elements materials
FB1
Aptamers Fluorescence PDMS 107°-10" ng/mL 1.4 fg/mL Corn, peanut, 71
and wheat
Antibodies Electrochemical PDMS 0.3-140 ppb 97 pg/mL Ground corn 84
Antibodies Electrochemical PDMS 10 1.5 pg/mL Corn 85
pg/mL-100 ng/mL
T-2
Antibodies Colorimetric Paper-based / 1 pg/mL Corn flour 67
Aptamers Fluorescence PDMS 107°-10" ng/mL 1.7 fg/mL Corn, peanut, 7
and wheat
“/” means “not mentioned”.
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Fig. 4 | Schematic diagram of the colorimetric and fluorescent microfluidic
devices. A Schematic diagram of the paper-based microfluidic device for colori-
metric detection using aptamer recognition of OTA®. This is an open access article
under the CC BY-NC-ND license. B Schematic diagram of hydrogel microfluidic
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microfluidic aptasensor showed a linear range from 0.5 ng/mL to 100 ng/mL
with a LOD of 0.44 ng/mL for ZEN and a linear range from 0.1 ng/mL to
50 ng/mL with a LOD of 0.098 ng/mL for OTA, respectively. The established
platform had many advantages (such as simple operation, wide adaptability,
and low sample consumption), which could realize the on-site detection of
various hazards in food. Recently, clustered regularly interspaced short
palindromic repeats (CRISPR) technology has shown multiple advantages

(e.g., simple instrumentation, low cost, and ease of operation), which have
attracted a lot of attention in the field of biosensing'”. Based on a signal
transduction CRISPR/Cas12a strategy, Xiang et al. developed a new func-
tional DNA-guided transition-state CRISPR/Cas12a microfluidic biosensor
(namely FTMB) to realize the highly sensitive and high-throughput deter-
mination of mycotoxins (Fig. 4D). In this FTMB, the signal transduction
CRISPR/Casl2a strategy was established by using the specific recognition
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function of DNA sequences and activators for the formation of trigger
switches. To realize the high responses towards low target mycotoxin con-
centrations, the transition-state CRISPR/Cas12a system could be established
by adjusting the composition ratios between the activator and CRISPR RNA
(crRNA). To realize the signal enhancement, the CdSe/ZnS QDs with highly
matched emission bands to the photonic crystals (PCs) were designed to
enhance the fluorescence signal by 45.6 times, which enabled the FTMB to
have the ultra-sensitive determination capability for various mycotoxins. The
microfluidic chip contained a three-layer PDMS film with eight external
driver-regulated reaction chambers. Among the eight reaction chambers, two
reaction chambers were used for the positive and negative control, the other
six reaction chambers realized the simultaneously ultrasensitive and quan-
titative detection of six mycotoxins". Overall, the FTMB had a wide detection
range (10 °-10' ng/mL) with LODs of 2.3 fg/mL for AFBI, 3.9 fg/mL for
OTA, 2.6 fg/mL for ZEN, 1.4 fg/mL for FB1, 1.7 fg/mL for T-2, and 1.5 fg/mL
for DON, respectively. In addition, a short cycle time (~40 min), a high
detection specificity, a good precision, and a satisfactory analytical capability
for real samples were obtained. Despite its high sensitivity and selectivity,
fluorescent detection still faces some challenges. Due to the inherent differ-
ences between absorbing materials, it is important to select the appropriate
excitation wavelength for fluorescent detection. In addition, spontaneous
background signals generated by complex food matrix components may
produce an effect on the detection accuracy'”.

Surface-enhanced Raman scattering (SERS) detection

As a promising new analytical device, SERS-based microfluidic biosensors
have many advantages (e.g., high sensitivity, rich molecular information,
less optical drift, rapidity, narrow spectral bands, and portability)’'*.
Moreover, SERS-based microfluidic biosensors can realize the on-site
detection and complete the detection using a small amount of solution in a
confined space, which is beneficial for the detection of mycotoxins in
food"*™¥". By using electron beam lithography, Galarreta et al. prepared a
nanostructured Au 2D SERS microfluidic platform for the detection of
OTA. Briefly, metal nanostructures were prepared by electron-beam
lithography on the surface of glass coverslips, which were further embedded
in a microfluidic channel made of PDMS. The localized surface plasmon
resonance (LSPR) of designed Au structure matched the excitation wave-
length for Raman measurements. The OTA aptamer was immobilized on
the metal nanostructures, and the conformational changes upon binding
with OTA were analyzed via the acquired SERS data®. However, any
impurities during the production of SERS substrates using soft lithography
might interfere with the target signal. In addition, stresses during the transfer
process might lead to subtle changes in the internal gap of the nano-
components, which resulted in a reduction of the “hot spot” enhancement.
To further improve the analytical sensitivity of the SERS biosensor, Wu et al.
subsequently developed a SERS-active microfluidic chip for detection of
OTA using a lift-up lithography strategy. Briefly, the SERS substrate of this
biosensor was prepared by electrostatically assembling AuNPs, and the
designed pattern was formed by subsequent lift-up soft lithography. The
SERS micropatterns could be easily integrated within the microfluidic
channel. The resulting microfluidic SERS chip allowed ultrasensitive in situ
SERS monitoring. By functionalizing AuNPs with double-stranded DNA
(OTA aptamer), the detection of OTA could be accomplishedm. However,
when the concentration of OTA was 500 nM or lower, the change in signal
ratio did not show a concentration-dependent variation, implying that the
sensitivity of the developed device was not able to meet food safety
requirements (~5 nM). Moreover, it is still difficult to obtain highly stable
and reproducible SERS signals in practical food detection due to the inter-
ference of complex food matrix and the diversity of non-target molecules,

thus affecting the accuracy of food mycotoxin detection toa certain extent'*.

ECL detection

Microfluidic ECL biosensors are minijaturized platforms with integrated
microelectrodes and liquid actuation, which have shown many advantages
(such as low cost, fast response time, controllability, and high sensitivity).

Benefiting from their superior performances, microfluidic ECL biosensors
have been widely applied to the detection of mycotoxins****"’, For example,
Lu et al. fabricated a microfluidic immunosensor for the single detection of
FB1 and DON by using capillary-driven PDMS microfluidic channels for
sample processing. The dual-channel three-electrode ECL sensor pattern
was photolithographed on the transparent ITO coated glass. Polished
AuNPs were electrochemically deposited on the working electrodes, and the
working electrodes were further functionalized with anti-FB1 and anti-
DON antibodies. The formation of mycotoxin-antibody immunocom-
plexes on the working electrode surface could produce the ECL signal
responses”’. The prepared microfluidic ECL biosensors had a liner range
from 0.3 ppb to 140 ppb with a LOD of 97 pg/mL for FB1 and a liner range
from 0.2 ppb to 60 ppb with a LOD of 35 pg/mL for DON, respectively. The
developed simultaneous assay system was used for the ultrasensitive, fast,
convenient, and sensor-stable detection of ground corn extract. Later, uti-
lizing Ag-CeO, as nanocomposite/ITO electrodes, Solanki’s group devel-
oped a PDMS-based microfluidic ECL system for FB1 detection®. The
developed microfluidic ECL system showed a linear detection range from
10 pg/mL to 100 ng/mL with a LOD of 1.5 x 10~° ug/mL, enabling rapid,
label-free, and highly sensitive detection of the antigen FB1. Based on the
similar mechanism, Solanki’s group developed a new PDMS-based
microfluidic immunosensor by using Ab-AFB1 immobilized Mn;0,/ITO
(BSA/Ab-AFB1/Mn;04/ITO) for detection of AFBI. In this system, tri-
manganese tetroxide nanoparticles (Mn;O, nps) were synthesized via the
co-precipitation route at room temperature. A three-electrode chip and
microfluidic channels for the construction of microfluidic ECL biosensing
system were prepared using maskless ultraviolet (UV) lithography. On this
basis, microfluidic immunosensors were successfully prepared for detection
of AFB1*. The developed ECL biosensor showed a liner range from 1 pg/mL
to 300 ng/mL with an ultra-low LOD of 0.295 pg/mL. Recently, by using the
Pd@PCN-222 CRISPR nanozyme to amplify signals, Wu et. al developed a
CRISPR/Cas ECL microfluidic system for on-site detection of OTA. The
excellent catalytic properties of the nanozymes were synergized with the
trans-cleavage ability of the CRISPR enzyme, which significantly enhanced
ECL signals to improve detection sensitivity"”’. The established method
showed a detection range from 0.005 ng/mL to 50 ng/mL with a LOD of
1.21 pg/mL. However, ECL detection still suffers from some challenges,
such as the easily contaminated electrodes and the potential interference
from complex sample matrices'*’.

PEC detection

PEC microfluidic biosensors have exhibited many advantages, such as high
sensitivity, good selectivity, good stability, fast response, and wide detection
range’”’. Compared with the ordinary PEC biosensors, PEC microfluidic
biosensors combine the advantages of PEC biosensors and characteristics of
microfluidic devices, and have been applied in the portable and on-site
detection of mycotoxins95 . For example, Lin and his co-workers, designed
and developed a PEC immunosensor for the rapid and sensitive detection of
AFBI in food samples. Glucose oxidase (GOx)-labeled AFB1-bovine serum
albumin (AFB1-BSA) coupling was used as a marker. By using a competitive
immunoassay format, the immunoreaction was carried out on anti-AFB1
antibody modified magnetic beads. Moreover, a competitive immunoassay
format was combined with visual and PEC evaluation for detection of AFB1
by using carbon quantum dots (CQDs)-functionalized MnO, nanosheets.
Furthermore, the system was aggregated into a high-throughput micro-
fluidic device to construct a semi-automated detection unit™’. Under optimal
conditions, the photocurrent increased with increasing target AFB1, and
this PEC biosensor had a linear range from 0.01 to 2.0 ng/mL with a LOD of
2.1 pg/mL. Later, by using a novel nano-array bismuth sulfide/bismuth
oxyiodide/zinc oxide (Bi,S;/BiOI/ZnO) with excellent photocatalytic
activity, Wei’s group developed a prode DNA (p DNA)@Ag,S signal-
regulated competitive PEC microfluidic immunosensor for the sensitive
determination of OTA in wheat flour (Fig. 5A). A strong photocurrent
intensity was achieved by modifying Bi,S;/BiO1/ZnO onto ITO electrodes
because its good matching cascade band-edge levels could improve efficient
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Fig. 5 | Schematic diagram of the PEC and dual-mode microfluidic devices.
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fluorescence/colorimetric sensor'*’. Copyright 2023, Elsevier B.V. C Schematic
diagram of the constructed paper-based microfluidic colorimetric/electrochemical
sensor'*’. Copyright 2024, Elsevier B.V.

separation of photo-generated e /h" pairs. The captured DNA (c DNA) was
first immobilized on the sensing platform by glutaraldehyde and chitosan.
After that, the p DNA sulfydryl-modified aptamers could directly react with
AgNO; by combination of Ag-S bond to form the p DNA@Ag,S. The
formed p DNA@Ag,S was exploited as the acceptor to hybridize with the ¢
DNA for formation of DNA duplexes. The photocurrent intensity was
significantly reduced because the photogenerated electrons were partially
converted to Ag,S instead of Bi,S;. In the presence of target OTA, the
photocurrent could be enhanced after the target-induced removal of p
DNA@Ag,S because the photo-generated electrons were transferred to the
Bi,S5/BiO1/Zn0O electrode”. The sensor realized the highly selective and
sensitive analysis of target OTAs with a LOD of 3.5 x 107> pg/mL in a wide
linear response range of 1x 107°-200 ng/mL. Although PEC detection
possesses the merits of high sensitivity and simple operation, it still suffers
from some challenges, such as the limited detection range, high cost, and the
potential interference from ambient light™.

Dual-mode detection

Although single-mode microfluidic biosensors have been widely developed
for the detection of mycotoxins, they are still susceptible to a variety of
factors (such as unstable experimental environments, different personnel
handling, and differences in the amount of sample and substrate mor-
phology between batches), all of which make it difficult to meet the
requirements of reliable and accurate analysis''. Therefore, dual-mode
microfluidic sensors have been developed to allow simultaneous introduc-
tion of dual-channel detection into a microfluidic identification system,
which can output multiple response signals under the same or different test
conditions. In this case, each signal is independent and can be used to
mutually verify the experimental results to further improve the accuracy.
Benefiting from their superior performances, dual-mode microfluidic

detection has been widely applied in detection of mycotoxins'*. For
example, based on manganese dioxide nanoflowers (MnO,NFs), Li et al.
developed a colorimetric and fluorescent dual-mode aptamer sensor for the
accurate and sensitive detection of AFB1. In this sensor, MnO,NFs could
catalyze the oxidation of 3,3’,5,5-tetramethylbenzidine (TMB) to a blue
oxidation product (TMBox) in the presence of H,0,. In addition,
MnO,NFs could also act as a signal amplifier, which could be reduced by
ascorbic acid to generate a large amount of Mn*", thus bursting the fluor-
escence of calreticulin'”. The established dual-mode detection method
showed high sensitivity and accuracy for the detection of AFB1. Based on
AuAg NCs-SPCN nanocomposites, Ke et al. constructed a competitive
fluorescent and colorimetric dual-mode immunosensor for OTA detection.
S and P co-doping decreased the band gap width of carbon nitride and
prolonged the absorption of visible light. Moreover, the addition of silver
significantly improved the fluorescence properties of the nanoclusters. In
the presence of OTA, the aggregation of nanocomposites was induced,
which led to a greatly enhanced fluorescence signal due to the principle of
aggregated luminescence effect (AIE). A new emission peak appeared at
440nm to readout the fluorescence signal. On this basis, fluorescent
detection mode was established. Meanwhile, the synthesized AuAg NCs-
SPCN could decompose H,O, to produce -OH groups, which could oxidize
TMB to blue oxTMB. In the presence of OT'A, by binding AuAg NCs-SPCN
to the OTA antibody, the AuAg NCs-SPCN-AbOTA was prepared for
colorimetric quantitative detection of OTA'*. The developed method was
used for portable and sensitive OTA detection, showing a wide linear
response range of 0.001-10 pg/L with a LOD of 0.155 ng/L (fluorescence)
and 0.213 ng/L (colorimetric), respectively. To realize on-site detection, a
portable fluorescence and colorimetric microfluidic detection platform
could be constructed by combining a dual-mode detection method with a
microfluidic chip. For example, based on G-quadruplex DNAzyme, Lin
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et al. constructed a portable microfluidic fluorescence/colorimetric sensor
for detection of OTA in wheat (Fig. 5B). The OTA aptamer coupled with
magnetic beads (mb) could self-assemble with two segments of DNA and
hemin to form a g-quadruplex DNAzyme structure. G-quadruplex DNA-
zyme could catalyze the oxidation of 10-Acetyl-3,7-dihydroxyphenoxazine
(Amplex Red) with H,O,, resulting in the production of a red color and
strong fluorescence in solution. However, in the presence of OTA, the
structure of the G-quadruplex DNAzyme was disrupted, making it less
catalytically active. On this basis, a magnet-controlled chip integrating the
reaction, detection, and washing was designed for on-site detection.
Meanwhile, the mb-DNAzyme probe was shuttled to the magnetron chip,
which greatly reduced the background signal and improved the detection
efficiency and sensitivity'”’. The established method showed a LOD of
1.1 x 10~ pug/mL (fluorescence) and 8 x 10~° pg/mL (colorimetric). Later,
by using flow channels to assemble platinum nanoparticle-treated colori-
metric regions with patterned paper electrodes, Huang et al. designed and
fabricated a dual-mode paper-based microfluidic chip (Fig. 5C). The syn-
thesized porous UiO-66-NH,MOFs acted as functional carriers for loading
TMB indicator molecules, which were then controlled by DNA switches
consisting of CdS quantum dot-modified aptamer. In the presence of AFBI,
it would bound to the aptamer and then targeted to induce TMB release,
triggering both colorimetric and ECL signals'*’. The established method
achieved ultra-high sensitive detection with a LOD of 7.8 fg/mL. To improve
the detection portability and accuracy, dual-mode microfluidic sensors
remain to be further explored for on-site detection of mycotoxins.

Challenges and perspectives
Microfluidic biosensors have shown many advantages (such as low sample
consumption, miniaturization, integration, fast analysis, and automation)
and have been widely applied in the detection of mycotoxins in food sam-
ples. However, there are some remaining challenges and chances in this
significant field. In this section, we proposed future challenges and chances
in the following aspects, including the development of new recognition
elements towards mycotoxins, exploration of new sensing modes, design
and development of new microfluidic devices, as well as intellectualization
of microfluidic devices.

(1) Development of new recognition elements towards mycotoxins:
although the antibodies of mycotoxins have obtained widespread
applications, they still suffer from some shortcomings (such as high
cost, complex preparation, and poor stability). To solve this problem,
emerging nanoantibodies with small molecular mass (about
15-17 kDa), good thermal stability, high solubility, low immuno-
genicity, and easy preparation have been successively developed'.
However, the cost of Nb is high, and Nb-based forms of
immunodetection are still limited to a certain extent. Further
improvements and exploration of new recognition elements remained
to be explored. In addition, aptamers with high specificity and stability
can be further designed and developed to improve the detectability and
stability. Compared with antibodies, aptamers have shown many
advantages (e.g., relatively low cost and relatively high stability), but
they still need complex preparation process. In addition, MIPs as a new
recognition element have shown many advantages (e.g, high
mechanical strength, low synthetic cost, long storage time, and a wide
range of applicable temperatures), but they are at an early stage. New
MIPs for mycotoxins remain to be further developed. In future studies,
machine learning may be combined into MIPs technology for the
design and development of new MIPs.

(2) Exploration of new sensing modes for microfluidic detection of
mycotoxins: existing sensors (e.g., colorimetric, fluorescent, and elec-
trochemical) have been integrated with microfluidic devices for the
detection of mycotoxins, but their sensitivity and stability need to be
further improved. Therefore, it is important to develop new sensing
modes. Surface plasmon resonance (SPR) as a novel analytical tech-
nique based on optical principles has many advantages (i.e., no labeling
of analytes, real-time dynamic monitoring, high throughput, small

sample size for detection, and fast response time), which shows a great
potential in the detection of mycotoxins in food'*’. Moreover, surface-
enhanced Raman scattering spectroscopy as a powerful tool may be
combined with microfluidic devices to offer a great opportunity for the
detection of various mycotoxins at trace levels. Thus, microfluidic
SERS sensors remain to be further explored for detection of
mycotoxins. Dual-mode microfluidic sensors have been developed
for the detection of mycotoxins, but they are still in their infancy. Thus,
novel and highly stable dual-mode microfluidic sensors remain to be
further studied. Furthermore, novel sensing modes (e.g., chemilumi-
nescence and ECL) can also be integrated with microfluidic devices to
further improve their detection performances. In addition, to further
improve the analytical performances of microfluidic devices, a number
of emerging nanomaterials (e.g., nano-enzymes, metal organic frame-
works, and porous materials) may be used to construct microfluidic
biosensors for the highly sensitive detection of mycotoxins.

(3) Design and development of new microfluidic devices: the manu-
facturing process of microfluidic chips is relatively complex and the
cost is high. To reduce the cost, the cost-effective paper-based
microfluidic chips were developed for widespread detection of
mycotoxins. However, paper-based microfluidic chips still have some
shortcomings, such as short lifespan and high permeability. To solve
this problem, paper-based microfluidic chips with better performances
remain to be further explored. Currently, most microfluidic devices are
designed for detection of single targets. However, multiple mycotoxins
may be simultaneously present in one food sample. Thus, new
microfluidic devices for multi-detection of mycotoxins remain to be
further designed and developed. In addition, microfluidic devices may
suffer from the microchannel clogging, which leads to the reduced
detection accuracy and efficiency. Moreover, due to complex food
matrices, the detection of mycotoxins may suffer from potential
interference with the food matrix. Consequently, the microfluidic
device with highly efficient sample pretreatment functions remains to
be further designed to improve the detection reliability of mycotoxins.

(4) Intellectualization of microfluidic sensors: common microfluidic devi-
ces require bulky instruments for signal output. To improve the port-
ability of microfluidic devices, smartphones can be combined with
microfluidic sensors to perform the signal acquisition and data analysis,
which possesses great promise for the on-site detection of food
mycotoxins. Meanwhile, to improve their intelligence, microfluidic
sensors combined with artificial intelligence may be a novel idea. The
combination of microfluidic devices and advanced artificial intelligence
(e.g, machine learning and deep learning) is of great promise for
simplifying operations, facilitating signal acquisition and data analysis,
enabling automation, and realizing detection system intellectualization.

Conclusion

The persistent problem of mycotoxin residues in food urgently requires the
development of rapid and practical detection technologies. Traditional
detection methods are difficult to meet the requirements of rapid and on-site
detection due to cumbersome operations and complex instruments. As an
emerging technology, biosensors show great potential for rapid, accurate,
and portable mycotoxin detection. Microfluidic chips have the advantages
of small size, precise control, and rich functions. To realize the on-site
detection, microfluidic chips have been successfully integrated with bio-
sensors for the detection of mycotoxins. This review summarized the recent
progress on microfluidic biosensors for the detection of mycotoxins. Firstly,
the characteristics and preparation of microfluidic devices based on dif-
ferent materials (e.g., glass, silicon, PDMS, PMMA, and paper) were sum-
marized and discussed. Next, we discussed the roles of microfluidic devices
in mycotoxin analysis (i.e., sample preparation, separation, and analysis).
Then, the characteristics and preparation of various recognition elements
(e.g., antibodies, aptamers, and MIPs) for mycotoxin detection were dis-
cussed. In addition, microfluidic biosensors based on different sensing
modes  (colorimetric, fluorescence, SERS, electrochemical, and
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photoelectrochemical) for the on-site detection of mycotoxins in food were
summarized and compared. Impressively, future opportunities and chal-
lenges in this promising field were proposed.

Data availability

No datasets were generated or analysed during the current study.
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CRISPR Clustered regularly interspaced short palindromic repeats

crRNA CRISPR RNA

ECL Electrochemiluminescence

EM Electromagnetic enhancement

FB1 Fumonisin B1

FRET Fluorescence resonance energy transfer

FTMB Functional DNA-guided transition-state CRISPR/Cas12a
microfluidic biosensor

GOx Glucose oxidase

HcAb Heavy chain antibodies
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PMMA Polymethyl methacrylate
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