Chemistry
Europe

European Chemical
Societies Publishing

Mini Review

1of12 Analytical Science Advances

doi.org/10.1002/ansa.202400003

Received: 1 February 2024
Revised: 29 March 2024
Accepted: 1 April 2024

Ensuring food safety: Microfluidic-based approaches for the
detection of food contaminants

Tom Kasputis' @ |

1Department of Biological Systems
Engineering, Virginia Tech, Blacksburg,
Virginia, USA

2Department of Bioengineering, University of
California, Riverside, California, USA

Correspondence

Juhong Chen, Department of Biological
Systems Engineering, Virginia Tech,
Blacksburg, VA 24061, USA.

Department of BioengineeringUniversity of
California, Riverside, CA, 92521, USA.
Email: jchen@ucr.edu

Funding information

National Institute of General Medical Sciences,
Grant/Award Number: R35GM147069;
National Institute of Food and Agriculture,
Grant/Award Number: 2022-67021-41478

Kait Elizabeth Hosmer! |

Yawen He' | Juhong Chen'?

Abstract

Detecting foodborne contamination is a critical challenge in ensuring food safety and
preventing human suffering and economic losses. Contaminated food, comprising bio-
logical agents (e.g. bacteria, viruses and fungi) and chemicals (e.g. toxins, allergens,
antibiotics and heavy metals), poses significant risks to public health. Microfluidic
technology has emerged as a transformative solution, revolutionizing the detection of
contaminants with precise and efficient methodologies. By manipulating minute vol-
umes of fluid on miniaturized systems, microfluidics enables the creation of portable
chips for biosensing applications. Advancements from early glass and silicon devices to
modern polymers and cellulose-based chips have significantly enhanced microfluidic
technology, offering adaptability, flexibility, cost-effectiveness and biocompatibility.
Microfluidic systems integrate seamlessly with various biosensing reactions, facilitat-
ing nucleic acid amplification, target analyte recognition and accurate signal readouts.
As research progresses, microfluidic technology is poised to play a pivotal role in
addressing evolving challenges in the detection of foodborne contaminants. In this
short review, we delve into various manufacturing materials for state-of-the-art
microfluidic devices, including inorganics, elastomers, thermoplastics and paper. Addi-
tionally, we examine several applications where microfluidic technology offers unique
advantages in the detection of food contaminants, including bacteria, viruses, fungi,
allergens and more. This review underscores the significant advancement of microflu-
idic technology and its pivotal role in advancing the detection and mitigation of

foodborne contaminants.
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1 | INTRODUCTION

The safety and quality of the food that we consume are paramount
to human health worldwide. A wide array of contaminants wreaks
constant havoc on our food supply, including biological agents (e.g. bac-
teria, viruses and fungi) and chemicals (e.g. toxins, antibiotics, heavy
metals and allergens). The challenge of ensuring food safety for an
ample food supply is exacerbated by the escalating global population,
which has surpassed 8 billion and is projected to exceed 9.7 billion
by 2050.1 As the demand for safe and abundant food grows, it is
essential to prevent harmful contaminants from entering our food sup-
ply. Beyond food supply, contaminated food poses significant risks to
human health, leading to chemical indigestion, poisoning, allergic reac-
tions, and, most notably, foodborne illnesses.2 These illnesses affect
one in ten individuals annually, with symptoms ranging from mild dis-
comforts, such as nausea, vomiting and diarrhoea, to severe cases
resulting in death.® Alarmingly, foodborne illnesses claim at least 420
thousand lives each year, accounting for 7.5% of all deaths globally.*
In addition to the human toll, foodborne illnesses exact a substantial
economic burden, with estimates exceeding $100 billion in the United
States alone, including $15 billion in medical expenses.>® Given these
staggering implications, detecting foodborne contamination is criti-
cal for maintaining food safety standards and mitigating both human
suffering and economic losses.

There are awide variety of methods used to evaluate contamination
in food sectors. This includes high-performance liquid chromatography
(HPLC), gas chromatography (GC), mass spectrometry (MS), enzyme-
linked immunosorbent assay (ELISA), and polymerase chain reaction
(PCR).”~12 While these methods are generally highly sensitive, they are
also extremely time-consuming and expensive.'3# Laboratory person-
nel and highly complex laboratory equipment are required for all of
these processes, which is tremendously inefficient. The ability to send
samples to a well-equipped lab for analysis is not universally available
and remains highly expensive and time-consuming when performed.!>
This is especially troublesome for resource-limited areas, where con-
tamination is most common.¢ Therefore, there is an urgent need for
the development of low-cost and user-friendly rapid detection of food
contaminants at all stages of the food supply chain.

Microfluidic technology has emerged as a transformative tool in the
realm of food safety, offering unprecedented precision and efficiency in
the detection of various analytes.'”-18 Microfluidics involves the con-
trolled manipulation of minute volumes of fluids within the microscale
or smaller, enabling the integration of diverse analytical processes on
a single, miniaturized platform.?-21 The fundamental principles gov-
erning microfluidics leverage the inherent properties of fluids at the
microscale governed by capillary forces and laminar flow.22 This tech-
nology excels in biosensing applications by facilitating rapid and highly
sensitive analyses through reduced sample volumes and improved
reaction kinetics, acting as a small “lab on a chip”.2® These devices are
typically extremely portable and user-friendly, acting as ideal in-field
sensors for the reliable identification of contaminants in food safety
applications.?4-2% Furthermore, the miniaturization that microfluidics
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FIGURE 1 Schematic lllustration of the scope of microfluidic
technologies’ influence in ensuring food safety.

offers is ideal for compartmentalizing a single DNA/RNA copy into
a small volume for sample digitization.2” Microfluidics can manipu-
late nano-liter samples into wells or droplets, allowing them to serve
as independent reactors, thus providing a high-throughput platform
for analysis.?8 In fact, compared to bulk micro-litre assays, a nano-
litre reactor has demonstrated the ability to generate a high-density
environment to concentrate diffusible signals, resulting in a 1000-fold
increase in throughput while managing a 50% reduction in detection
time.2?30 The intricate design and versatility of microfluidic devices
allow for the seamless integration of sample preparation, nucleic acid
amplification, and sample readout, minimizing human intervention and
reducing the risk of cross-contamination.3!

In this review, we summarize and discuss various microfluidic tech-
nologies and their applications for the detection of food contaminants
(Figure 1). Firstly, we will highlight the variety of devices currently
available and their methods of manufacturing, focusing on the benefits
and drawbacks of the current state of each classification of microfluidic
device. This will include glass, silicone, polymer and cellulose microflu-
idic devices, among others. Secondly, we will discuss the wide range of
applications that microfluidic technologies employ. Specifically, we will
focus on bacteria, viruses, fungi, toxins, antimicrobial resistance (AMR),
heavy metals and allergens. We aim to provide a comprehensive sum-
mary of the current state of microfluidic technologies in food safety
while providing an outlook into the future for such a vital and promising
technology.

2 | MICROFLUIDIC CHIP MATERIALS AND
MANUFACTURING

Microfluidic technology comes in diverse materials each offering
unigue advantages. Some of the earliest microfluidic-based biosensors
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were composed of inorganics, such as glass, due to their exceptional
transparency and chemical inertness for precise manipulation and
observation of fluids at the microscale.32 As the field of microflu-
idics has grown, polymeric microfluidic devices have emerged as the
dominant transparent microfluidic device due to their degree of per-
meability, low cost and extreme flexibility in design and usage.3?
Recently, paper-based microfluidics have leveraged the simplicity and
affordability of cellulose substrates, often boasted as the most afford-
able and simple options for point-of-care diagnostics.3* As microfluidic
devices continue to evolve, their diverse material compositions under-
line their adaptability and wide-ranging utility in food safety. In this
section, we review the most common materials for manufacturing

present-day microfluidic devices.

2.1 | Inorganics

Inorganic materials such as silicon, glass and quartz played a pivotal
role in the fabrication of early microfluidic devices. This was commonly
in conjunction with various electrical techniques such as thin-film
deposition, lithography and etching.®® Silicon and glass are distin-
guished by their robust surface stability, compatibility with solvents,
biocompatibility, chemical inertness and hydrophilic attributes. Silicon
quickly became a cornerstone of microfluidic chip construction due to
its exceptional surface chemical properties conducive to ligand immo-
bilization. Silicon devices are typically employed by anisotropic wet
etching by potassium hydroxide and tetramethylammonium hydrox-
ide for wet etching, or reactive ion etching for dry etching.3¢ While
silicon offers distinct advantages in metal depositing, thermal con-
ductivity and biocompatibility for manufacturing, the use of silicon in
newer generations of microfluidic devices is rare due to high costs, long
processing times and limited profiling.3”

Glass, in comparison to silicon, offers advantages in terms of trans-
parency, electroosmotic flow, and ease of processing. Glass chips
are commonly manufactured through techniques like photolithogra-
phy and wet etching.®® In early microfluidic generations, glass found
unique applications in digital microfluidics, allowing accurate control
of droplets.3? Despite these advantages, the trend of utilizing solely
glass-based microfluidics has fallen out of favour for similar reasons to
silicon devices, including expensive manufacturing and difficult design
processes. However, unlike silicon, glass remains relevant and routinely
used for microfluidic devices in conjunction with other materials due to

its superior transparency, durability and unique thermal resistance.*®

2.2 | Elastomers

Elastomers, particularly polydimethylsiloxane (PDMS), have emerged
as the dominant material for present-day microfluidic chip fabrica-
tion. First proposed for microfluidic applications in 1998, PDMS has
gained widespread acceptance and use owing to its low cost, optical
transparency, favourable biocompatibility and permeability. Unlike the
first generation of glass and silicon microfluidic chips, PDMS allows

for the rapid and versatile design of channels, chambers, wells and
more for cost-effective and flexible fabrication. PDMS is commonly
moulded with nanometer-level precision for intricate and customizable
microfluidic designs specific to their desired applications.*?

The advantages of PDMS extend beyond its uniquely adaptable
manufacturing capabilities. Its elasticity allows for easy deformation
under weak stress, followed by rapid return to its original state
after stress relaxation, making it an ideal elastomer for microfluidic
applications.*®> PDMS is commonly used for applications requiring
optimal transparency, such as real-time observation of biological com-
ponents for food safety via fluorescence or chemiluminescence. This
may be with or without the combination of glass for viewing. The
material’s strong elastic deformation ability makes PDMS chips soft
and flexible, allowing for their use in food safety applications such
as separation and detection of pathogens and biochemical analysis.1°
The ability to integrate functional units such as micropumps and
microvalves on PDMS microfluidic chips further enhances their util-
ity, enabling sophisticated and automated processes.** Additionally,
PDMS can penetrate gas, which is essential for gas exchange in cell
culture and offers advantages in sample digitization.

Elastomer-based microfluidic devices are typically mass-produced
from SU-8 moulds, and fabricated using lithography techniques. The
process for PDMS microfluidic chip fabrication is shown in Figure 2.2
Briefly, the SU-8 photoresists (PRs) are spin-coated onto silicon
moulds and soft-baked. Brief ultraviolet (UV) exposure then imprints
a computer-aided personalized design onto the mould before postex-
posure baking and alcohol treatment for the creation of a reusable
master mould. PDMS chips are then produced in bulk through the mix-
ing of PDMS elastomer base and curing agent at a ratio of 10:1 (w/w).
The PDMS mixture is poured onto the mould and degassed. Upon
brief thermal curing, the chips are peeled off the mould and can then
be altered in various methods. Possible modifications include nanoim-
print lithography, inkjet printed electrodes and binding to glass slides
via oxygen plasma or corona treatment. Despite the numerous advan-
tages and versatility of PDMS, drawbacks include hydrophobicity and
a lack of durability in nanochannels. However, surface modification

techniques can improve these issues.*>

2.3 | Thermoplastics

Thermoplastics, while also polymeric, offer markedly different advan-
tages to elastomers for microfluidic fabrication, while also offering
cost-effectiveness and versatility. While elastomers undergo signifi-
cant deformation under weak stress and return to their original state
after stress relaxation, thermoplastics can be softened and shaped
at certain temperatures for designing hardened microfluidic chan-
nels and chambers.*¢ Thermoplastics such as polymethyl methacrylate
(PMMA), polystyrene, cyclic olefin copolymer (COC), polycarbonate
and polyethylene terephthalate offer unique advantages for manufac-
turing microfluidic devices. The most common thermoplastic used for
microfluidic devices is PMMA, which offers thermal processing capabil-
ities and optical clarity for food safety applications.?” COC is growing
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FIGURE 2 Manufacturing methods to create PDMS microfluidic devices, shown with inkjet printed electrodes. (Reproduced,?! Copyright

2015, The Royal Society of Chemistry).

in usage and demonstrates enhanced transmission performance and
improved thermal stability, making it a promising alternative, particu-
larly in scenarios where heating of the sample is necessary.*®

Distinct from elastomers, thermoplastics offer the ability to be
remoulded at high temperatures, which offers a different route for
achieving flexible design and fabrication. Their transition from a solid
state to a malleable form at the glass phase transition tempera-
ture facilitates easy processing. This process often involves moulding
with nanometer-level precision. This adaptability enables the cre-
ation of complex miniature structures, making thermoplastics suitable
for a broad spectrum of microfluidic applications for improved food
safety. Key advantages of thermoplastics include their extremely
low cost, optic transparency similar to glass, and ease of mass
manufacturing.”4?

Manufacturing methods for thermoplastics vary depending on the
material and intended usage. In Figure 3A, we highlight a PMMA
microfluidic chip designed utilizing several common manufacturing
techniques.®° First, a glass slide was coated with a PR layer for the cre-
ation of the intended microfluidic pattern. The slide was etched into a
buffered oxide etchant solution, and the PR layer was then stripped.
Then, holes were drilled on the glad substrate and aligned and bound
to the pre-patterned glass substrate via thermal fusion bonding at
extremely high temperatures. A PMMA microfluidic channel is cre-
ated for the analyte detection layer, where the PMMA substrate is
fabricated using hot embossing and attached to the glass via a solvent
bonding technique and UV glue. While PMMA chips may be manufac-
tured using simpler methods, complex processes such as hot embossing
are typically required, hindering complex designs. Issues such as rigid-
ity after moulding and higher costs compared to elastomers present
obstacles to widespread adoption. Additionally, they lack the tolerance
to organic solvents and air permeability offered by elastomers, limit-

ing their application in extended cell culture analyses. Despite these
challenges, many state-of-the-art microfluidic devices utilize thermo-
plastics, and the field offers much to be discovered and improved upon

as microfluidics continues to grow.3>

24 | Paper

Microfluidic paper-based analytical devices (uPADs) are the newest
frontier in microfluidic devices, having first been introduced within the
past two decades.”! Even compared to polymer-based devices, uPADs
offer increased affordability, ease of miniaturization, biocompatibil-
ity and environmentally friendliness. Additionally, they are typically
pump-free and facilitate passive flow due to the paper’s capillary effect.
Typically, uPADs are fabricated by incorporating hydrophobic materials
into hydrophilic cellulose fibres through various methods for precise
control of fluid flow, with the hydrophobic layers as walls to direct
flow.>2 Multi-layered pPAD structures can enable filtration and con-
centration, meanwhile, microchannels can facilitate many applications
for food safety such as the detection of food pathogens, additives
or pesticides.” In addition to their ease of fabrication and func-
tional structure, uPADs demonstrate excellent biocompatibility. The
cellulose-rich composition of filter paper supports the immobilization
of biomolecules, making it conducive for applications in food qual-
ity control and antibody-based sensing.* Colorimetric detection can
be carried out through enzymatic or chemical reactions, providing
direct observation of results.>> Alternatively, uPADs can be used for
electrochemical detection with fluorescent and chemiluminescent (CL)
signal transductions. The porous structure and large surface area of
paper contribute to multi-functional capabilities, which can encompass

filtration, transportation, and separation.”®
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FIGURE 3 Manufacturing of polymethyl methacrylate (PMMA) and wax-printed microfluidic devices. (A) Manufacturing processes for
engineering a PMMA/glass microfluidic device. (Reproduced with permission,”® Copyright 2012, AIP Publishing). (B) Steps for manufacturing a
wax-printed microfluidic uPAD. (Reproduced with permission,’? Copyright 2023, Elsevier BV.).

Paper microfluidic devices can be made via simple techniques such
as wax printing, inkjet printing, 3D printing, and even drawing.?”>8
Among these, wax printing is the most ubiquitous. Wax printing is a
simple technique, as shown in the example in Figure 3B.>? For this
uPAD, Whatman filter paper was first cut into the desired dimen-
sions and then dipped into a wax solution. Various wax laminated
paper moulds were then generated from CO, lasering to create pre-
pared masks. The mould was then fit between more Whatman filter
paper and laminated at an increased temperature to form the desired
microfluidic channels with hydrophilic wells and hydrophobic wax
barriers.

The main limitations of uPADs include transparency and flow con-
trol. Typically, yPADs are open-channel, meaning the fluid moves
inside the paper fibres itself. The most common material for yPAD
fabrication is Whatman series papers. While these are commonly
even more cost-efficient than polymeric methods, precision in fluid
control and consistent visual transparency are lacking compared
to polymer-based methods.® Additionally, they lack the ability to
perform complex mixing or sample digitization processes offered
by polymer-based methods. However, yPADs are still largely in
the development stage with few commercial products available as
research and understanding of the technology continue to grow.3”
While challenges persist, UPADs stand at the forefront of microflu-
idic innovation in 2023, especially for point-of-care applications,
due to their extreme affordability, biocompatibility and ease of

manufacturing.

3 | APPLICATIONS FOR FOOD SAFETY

The applications of microfluidics within the realm of food safety are
both broad and versatile, encompassing a myriad of critical aspects in
the detection and monitoring of food contaminants. In this section, we
review the comprehensive landscape of microfluidic applications for
food safety, covering the detection of a diverse array of relevant and

problematic contaminants. This includes bacteria, viruses, fungi, toxins,

allergens, AMR and heavy metals.

3.1 | Bacteria

Pathogenic bacteria in food vehicles are among the most prevalent
and dangerous threats to food safety, causing food poisoning, var-
ious illnesses, and deaths. A wide range of 31 different pathogens
have been studied and identified as causing food-borne diseases.® The
most common of these include Escherichia coli, Listeria monocytogenes,
Salmonella species and Staphylococcus aureus.®? For most bacteria, the
conventional detection methods require culturing and enrichment of
bacteria from food samples, which is expensive, complicated, and
time-consuming.®® To combat this issue, various types of microfluidic
devices have been deployed for the timely and sensitive detection of
disparate pathogenic bacteria in food systems.

E. coli O157:H7 is a highly morbid pathogen that produces the
Shiga toxin, causing severe stomach pain, diarrhoea, and often hemor-
rhagic colitis.®* While PCR-based methods are much quicker than the
culture-based method, these have been hindered by complex sample
preparation, pre-processing, and expensive machinery. Therefore,
several novel microfluidic approaches have been utilized for the
portable and sensitive detection of E. coli O157:H7. For example, a
recent study developed a microfluidic chip made from a combination
of glass and PDMS for the CL detection of E. coli O157:H7.5> The
chip utilized micropillars functionalized with streptavidin and hairpin
oligonucleotides with biotin. Upon addition of the sample reagents,
which included aptamers and a hairpin oligonucleotide with gold
nanoparticles (AuNPs) and horseradish peroxidase (HRP), a combi-
nation of pumping luminol and hydrogen peroxidase produces a CL
readout from the microfluidic chip (Figure 4A). The catalytic hairpin
assembly method utilized a sample volume of only 10 L, producing a
visual readout specific to E. coli O157:H7 within 1.5 h with a sensitivity
as low as 130 CFU/mL (Figure 4B,C). In addition to E. coli, Salmonella
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FIGURE 4 Recent advances in microfluidic-based detection of bacteria and viruses. (A) Schematic illustration of the microfluidic
chemiluminescence biosensor based on a multiple signal amplification strategy in a polydimethylsiloxane (PDMS) microfluidic chip. (B)
Chemiluminescent spectra of the microfluidic biosensor for different concentrations of Escherichia coli 0157:H7. Specificity of the microfluidic
biosensor for E. coli 0157:H7 detection with concentrations of all bacteria set to 1 x 108 CFU/mL. (Reproduced with permission®> Copyright
2022, Biosensors and Bioelectronics). (D) Schematic illustration of the principle of digital norovirus (NoV) detection with the microfluidic chip
(NoV-DID chip). (E) Image of NoV-DID chip with different concentrations of NoV crRNA. And the linear relationship between the measured value
(copies/pL) and the expected copy number per reaction. (Reproduced with permission’2 Copyright 2021, Microchemical Journal).

represents the most ubiquitous foodborne pathogen. In another novel
study, a PDMS microfluidic chip was adhered to a glass substrate and
implanted with a versatile valve for liquid mixing.¢¢ This chip displayed
the detection of Salmonella typhimurium as low as 1.0 x 102 copies/uL
within 30 min, offering significantly simplified and quicker on-site
detection of Salmonella compared to PCR-based methods. Further-
more, paper microfluidic devices developed within the past few years
have demonstrated the detection of L. monocytogenes, Campylobacter

jejuni, S. aureus and Vibrio parahaemolyticus.” 67

3.2 | Viruses

Foodborne viruses, commonly disseminated through water and live-
stock, present substantial health hazards. The potential for viral
contamination during all stages of animal product processing, including
slaughtering, processing and storage, underscores the need for com-

prehensive screening of foodborne viruses.3* Among these, norovirus

(NoV) emerges as the predominant pathogen of concern, causing gas-
troenteritis with symptoms ranging from diarrhoea to severe cases
potentially leading to fatalities.”® Nucleic acid-based detection and
immunoassay methods are the most popular methods for virus detec-
tion. However, these standards are often complex, costly, and time-
consuming.”! Given the ubiquity of NoV and additional foodborne
viruses such as herpesvirus and rotavirus, accessible screening for
foodborne viruses is imperative for effective disease prevention.
Recent advances have highlighted the exceptional ability of
microfluidics to provide rapid, portable viral detection. Most com-
monly, microfluidics provides a platform for isothermal amplification
of nucleic acids. A digital isothermal detection chip comprised of three
layers of PDMS has been developed for isolating individual nucleotides
into nanoliter wells, followed by reverse-transcription recombinase-
aided amplification (RT-RAA).”2 Following sequence collection,
alignment, and analysis, the researchers designed RAA primers and
probes specific to NoV and then confirmed the RAA reaction outside

of the chip. The RAA was then performed in the microfluidic device
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for quantification, an advantage only uniquely offered by microarrays
(Figure 4D). This microfluidic assay achieved a detection limit as low
as 1.02 copies/pL in approximately 20 min (Figure 4E). Beyond human
viruses, animal viruses are highly important to food systems and can
often wreak havoc through livestock, drastically affecting the supply
chain. A new microfluidic chip manufactured from photolithography
and bound to glass substrates provides on-site PCR detection of
multiple swine viruses, including porcine epidemic diarrhoea virus and
pseudorabies virus.”® The chip demonstrated a sensitivity as low as
1 copy/pL within 1 h. Across the spectrum of food safety, the ability
to digitize samples into nano and microliter volumes for nucleic acid
amplification offered by microfluidics has the potential to drastically

improve viral testing.

3.3 | Fungi

Fungi are pervasive threats to food safety through sporulation and the
production of dangerous mycotoxins. Some of the world’s most impor-
tant food crops are highly susceptible to fungal diseases caused by the
dispersion of fungal spores. Spore analysis and the detection of fungal
diseases in crops are notoriously difficult and typically rely on PCR or
image recognition.”+”> Rice, one of the most vital crops for feeding the
world population, is commonly ailed by airborne fungi spores causing
crop diseases. The most common of these include Magnaporthe grisea
and Ustilaginoidea virens. In stark contrast to bacteria, fungi diseases
can often be identified by their unique morphological differences. A
recent study developed a microfluidic chip to be combined with micro-
scopic hyperspectral detection of rice fungal disease spores.”® The chip
can separate Magnaporthe grisea and Ustilaginoidea virens spores using a
series of separation channels and enrichment areas in a PDMS chip that
creates a sparse two-phase flow with a low Reynolds number.

Beyond crop hazards, some fungi produce mycotoxins, which are
toxic secondary metabolites that pose severe risks to humans upon
ingestion. The current standards for mycotoxin detection rely on
chromatographical methods such as HPLC and GC-MS which are
unable to be carried out in the absence of skilled technicians and
elusive equipment.””-”8 Microfluidics can play a pivotal role in provid-
ing more accessible detection of mycotoxins and solving key issues
in fungal spore detection. A recent paper-based microfluidic device
demonstrated the on-site detection of deoxynivalenol (DON).”? The
nitrocellulose paper uPAD contained a conjugate pad with antibody-
labelled AuNPs and utilized capillary action to multiple testing sites
with secondary antibodies in a method similar to numerous lateral
flow assays (Figure 5A). This method utilizes two signal areas, where
the signals in T1 and T2 are negatively correlated, as shown in the
images and calibration curves in Figures 5B--D. The uPAD detected
representative mycotoxins with a sensitivity as low as 0.01 ppm in
spiked corn, feed, and wheat samples. The entire assay takes under
12 min to run to completion, and costs under $2 per test, provid-
ing extremely accessible mycotoxin screening. Additionally, most fungi
are capable of producing several mycotoxins at the same time. There-
fore, another research group has created a dual-channel microfluidic

electrochemical immuno-sensor for the simultaneous detection of two
mycotoxins.8% The electrochemical microfluidic sensor was created
using photolithography and contained a PDMS microfluidic chan-
nel in conjunction with three electrodes. The sensor simultaneously
detected 35 pg/mL DON and 97 pg/mL fumonisin with greater than

90% recovery in spiked corn samples.

34 | Allergens

Food allergies occur when the immune system elicits an abnormal
response to specific dietary foods or components. Predominant aller-
gens include peanuts, tree nuts, milk, eggs, wheat, soy, fish and
shellfish.81 Even a minute amount of these allergens can trigger severe
allergic reactions in at-risk individuals. Food allergies cannot presently
be cured, leaving allergen avoidance as the only form of resistance for
susceptible individuals. Therefore, food must be closely monitored and
regularly checked for common allergens to avoid improper labelling
or contamination of allergens. The existing standards for food aller-
gen detection rely on immunochemical assays, bulk PCR methods or
MS.82 However, as the percentage of the population with food aller-
gies has risen above 10%, more accessible allergen tests have recently
become urgently necessary.&% Microfluidic technologies have emerged
as useful tools to fill the need for rapid, accurate, and readily deployable
allergen tests.

Microfluidic immunoassays are common tools for improving the
detection of food allergens. For example, a recently developed novel
single-piece pPAD lateral flow immunoassay was able to sensitivity
detect egg white protein in food samples.®* The single-unit cellu-
lose device achieved a far simpler design compared to other lateral
flow immunoassays with more complex components. The layout of the
UPAD is analogous to standard lateral flow devices. It contains a sample
pad, conjugate pad for storage of the labelled antibody, nitrocellulose
membrane for immobilization of the capture antibodies, absorbent pad
for forward liquid flow, and a backing card for physical support. The
entire process takes under 15 min from sample collection to signal
readout and can be carried out as a free-standing device, in a tube or
a well (Figure 5E). This device was able to detect as low as 0.01% egg
white spiked in cake mix, highlighting the potential that wax printed
UPADs offer for providing simple and reproducible immunoassays for
rapid allergen detection (Figure 5F). Other recent microfluidic devices
have demonstrated the detection of peanut and wheat allergens in food

samples.8>-87

3.5 | Antimicrobial resistance

The scope of food safety spans beyond just actively harmful pathogens.
AMR looms as a constantly escalating global threat, characterized
by microorganisms evolving to withstand the effects of antimicrobial
agents. This phenomenon, accelerated by the overuse of antimicro-
bial drugs, jeopardizes the future efficacy of antibiotics, rendering
once-treatable infections much more challenging.®® Detection of AMR
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FIGURE 5 Recent advances in microfluidic-based detection of fungi and allergens. (A) Schematic illustration of the microfluidic paper-based
analytical device (WPAD) for the detection of DON (DON-Chip). DON: deoxynivalenol; AuNPs: gold nanoparticles; DON-BSA: DON-conjugated
bovine serum albumin; anti-DON-AuNPs: anti-DON antibody conjugated AuNPs. (B) Representative images of T1 and T2 areas in the DON-Chips
using different concentrations of DON standard, demonstrating the colourimetric change. (C) Calibration curve using T1 and T2 signals of the
DON-chip. (D) Calibration curves using the ratios of T1/T2 and T2/TR1 in the DON-Chip. (Reproduced with permission,”? Copyright 2019,
American Chemical Society). (E) Schematic illustration of the uPAD for on-site food allergen detection including food sample preparation steps and
the testing of the extract with three options. (F) Detection of egg white (0%-2%) spiked in a commercial cake mix product. (Reproduced with

permission,®* Copyright 2020, American Chemical Society).

bacteria and AR genes (ARGs) relies on conventional techniques
such as bacterial cultivation or molecular methods such as PCR.8?
However, due to the expansive nature of AMR in our environ-
ments, sensors designed for AR bacteria and ARG screening should
be accessible, portable, and reproducible. Microfluidic technologies
offer sensitive and innovative solutions that fill this requirement. For
example, microfluidic technologies have demonstrated sensitive detec-
tion of cloxacillin, a g-lactam antibiotic, in poultry.90 The microfluidic
immunoassay consisted of two layers of microchannels and timed load-
ing steps with an HRP-labeled secondary antibody for a CL readout.
The chip provided a sensitive limit of detection of around 96.5 ng/mL
inunder 2 h.

In addition, antimicrobial susceptibility tests (ASTs) play a piv-
otal role in gauging the effectiveness of antimicrobial agents against
specific pathogens, aiding clinicians in tailoring treatment regimens.
Current AST methodologies, however, often entail time-consuming
processes, hindering timely intervention. Therefore, microfluidics can
provide streamlined and high-throughput ASTs. For example, a recent
innovative PDMS microfluidic chip was designed with an antibiotic
concentration gradient for determining the antibiotic resistance of
Salmonella to ofloxacin and ampicillin.”* The chip utilized a gradient

generator and culturing chamber to provide sensitive detection of
Salmonella at low pH to mimic acidic food conditions in 5 h.

3.6 | Heavy metals

Heavy metals are pervasive and troubling contaminants commonly
found in both food and water, posing significant threat to human health.
Metals such as lead, mercury, cadmium, and arsenic find their way
into agricultural systems and water supply through natural sources,
industrial processes, and pollution. Once consumed, these metals accu-
mulate in the body, leading to a spectrum of adverse health effects.
Lead (Pb2t), for instance, is associated with neurological impairments,
while mercury (Hg2*) exposure is linked to developmental issues and
damage to the nervous system.’2 Conventional methods for detecting
heavy metals often involve complex laboratory analyses, such as atomic
absorption spectroscopy or capillary electrophoresis.”> However, this
presents an obvious challenge in terms of time and accessibility.
Microfluidics offers more rapid and cost-effective detection platforms
by providing low-volume mixing and simplified signal transduction

for the indication of metal ions. A novel microfluidic-based device
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developed within the past year combines passive microfluidic mixing
with an array of gold-interdigitated electrodes.”* The sensor utilized
immobilized DNAzymes between platinum nanoparticles for selective
detection of Pb2* jons with a linear range of 10 nM-1 pM with no

cross-reactivity from other metal ions.

3.7 | Commercialization in food applications

The commercialization of microfluidic devices is still in its nascent
stages, with the current market value estimated at approximately $30
billion. However, the compound annual growth rate for this market
is expected to be 12.9%, propelling the market value of microfluidic
devices to surpass $100 billion by 2032.7> This projection encom-
passes both biomedical and agricultural applications. While current
commercial efforts predominantly focus on clinical diagnostics and
medicine, major industry players are also beginning to commercial-
ize pivotal products tailored for agricultural applications, including the
detection of foodborne contaminants and the authentication of honey
purity.?® Furthermore, numerous start-up ventures originating from
academic research laboratories are emerging to address various mar-
ket demands within the agricultural sector, leveraging technologies
such as yPADs and PDMS microfluidic chips. These market demands
within agriculture span various detections of foodborne pathogens,
such as livestock viruses, crop pathogens, AMR and more related
challenges.””

Numerous patents have been filed for a diverse array of microfluidic
and lab-on-a-chip devices, numbering in the hundreds of thousands.
Recent patent analyses have identified key players in passive system
microfluidic patents for commercialization including prominent com-
panies such as Fluidigm, Theranos, Semiconductor Energy Laboratory
and Abbott Point of Care. Remarkably, the bulk of patents for these sys-
tems have been filed during the 21st century, indicating a discernible
upward trajectory in patent filings for microfluidic devices.”® Notably,
the United States Department of Agriculture and Food and Drug
Administration (FDA) advocate for the development and commercial-
ization of microfluidic devices. The FDA’s Center for Devices and
Radiological Health has established a dedicated Microfluidics Program
aimed at fostering the advancement of microfluidic technology and
facilitating the translation of research innovations into commercially
viable products.?? Unfortunately, there is a lack of specific FDA stan-
dards tailored for microfluidics, necessitating manufacturers to either
adapt existing standards or devise novel methodologies to demon-
strate performance and secure patentability. As commercialization
continues to grow, governmental organizations should develop more
standards and quality assurance for innovators seeking to develop

marketable microfluidic products.19©

4 | SUMMARY AND OUTLOOK

Microfluidic technology has emerged as a transformative force in the
realm of food safety, offering unparalleled precision and efficiency in

the detection of various contaminants. The controlled manipulation
of minute fluid volumes within micro and nano-scale devices enables
the integration of diverse analytical processes on a single, miniaturized
platform. This technology excels in biosensing applications by facilitat-
ing rapid and highly sensitive analyses with reduced sample volumes
and improved reaction kinetics. Microfluidic devices consisting of a
various selection of materials now offer adaptable and wide-ranging
utility in food safety applications.

The key advantages of microfluidics are evident in portability, user-
friendliness and the ability to seamlessly integrate sample preparation,
nucleic acid amplification, and readout processes. The diversity of
material composition offers distinct benefits. For example, elastomers
such as PDMS provide flexible and complex design, as well as ideal
air permeability. Thermoplastics, such as PMMA, offer cost-effective
structures that provide durability and full transparency. Lastly, paper-
based microfluidic devices provide the utmost affordability and ease of
manufacturing while offering a high level of biocompatibility.

Despite the current advantages, microfluidic technologies face
many challenges before they can be widely commercially adapted and
implemented to reach their full potential. For some devices, such as
PDMS, reproducibility for mass manufacturing is a concern. Mean-
while, reproducibility and risk of cross-contamination of results is
a key issue in paper-based microfluidic devices. Additionally, while
microfluidic devices provide extremely convenient tools for facilitating
biosensing reactions, lack of sensitivity and over-complicated designs
still hinder the implementation of numerous novel microfluidic devices.
However, microfluidic technology has shown continuous growth and
improvement over the past decades.

Looking ahead, the future of microfluidics holds great promise for
assuring food safety. Continued innovation in materials, manufacturing
and integration with state-of-the-art sensing elements will contribute
to enhancing simplicity and sensitivity issues. The ability to digitize or
mix samples at the nano or micro-level offers significant potential for
improving detection across various food contaminants, including bac-
teria, viruses, fungi, toxins, allergens and heavy metals. As research and
understanding of microfluidic technology continue to grow, it is poised
to play a pivotal role in addressing the evolving challenges of evaluating

food contamination.

ACKNOWLEDGEMENTS
This work was supported by NIH NIGMS (R35GM147069) and USDA
NIFA (2022-67021-41478).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing does not apply to this article, no new data was created.

ORCID

Tom Kasputis "= https://orcid.org/0000-0003-0772-0599
Yawen He ") https://orcid.org/0009-0001-4898-5465
Juhong Chen "= https://orcid.org/0000-0002-6484-2739

Societies Publishing


https://orcid.org/0000-0003-0772-0599
https://orcid.org/0000-0003-0772-0599
https://orcid.org/0009-0001-4898-5465
https://orcid.org/0009-0001-4898-5465
https://orcid.org/0000-0002-6484-2739
https://orcid.org/0000-0002-6484-2739

Chemistry
Europe

European Chemical

Mini Review

10 of 12 Analytical Science Advances doi.org/10.1002/ansa.202400003 Sacieties Publishing
REFERENCES 22. Convery N, Gadegaard N. 30 years of microfluidics. Micro Nano Eng.
1. Silva JGD. Feeding the World Sustainably. United Nations; 2012. 2019;2:76-91.doi:10.1016/j.mne.2019.01.003

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

Gallo M, Ferrara L, Calogero A, Montesano D, Naviglio D. Relation-
ships between food and diseases: what to know to ensure food safety.
Food Res Int. 2020;137:109414. doi:10.1016/j.foodres.2020.109414

. WHO. WHO estimates of the global burden of foodborne diseases.

2015.

. Lee H, Yoon Y. Etiological agents implicated in foodborne illness

world wide. Food Sci Anim Res. 2021;41(1):1-7. doi:10.5851/kosfa.
2020.e75

. Focker M, van der Fels-Klerx HJ. Economics applied to food safety.

Curr Opin Food Sci. 2020;36:18-23.d0i:10.1016/j.cofs.2020.10.018

. CDC. Food safety. Accessed January 15, 2024. Available from:

https://www.cdc.gov/foodsafety/cdc-and-food-safety.html

. Cocolin L, Rajkovic A, Rantsiou K, Uyttendaele M. The challenge of

merging food safety diagnostic needs with quantitative PCR plat-
forms. Trends Food Sci Technol. 2011;22:530-S38. doi:10.1016/j.tifs.
2011.02.009

. Fung F, Wang H-S, Menon S. Food safety in the 21st century. Biomed

J.2018;41(2):88-95.d0i:10.1016/j.b}.2018.03.003

. PretiR. Core-shell columns in high-performance liquid chromatogra-

phy: food analysis applications. Int J Anal Chem. 2016;2016:3189724.
doi:10.1155/2016/3189724

Weng X, Neethirajan S. Ensuring food safety: quality monitoring
using microfluidics. Trends Food Sci Technol. 2017;65:10-22. doi:10.
1016/j.tifs.2017.04.015

Hernandez F, Portolés T, Pitarch E, Lopez FJ. Gas chromatography
coupled to high-resolution time-of-flight mass spectrometry to ana-
lyze trace-level organic compounds in the environment, food safety
and toxicology. TrAC Trends Anal Chem. 2011;30(2):388-400. doi:10.
1016/j.trac.2010.11.007

WulL,LiG,Xu X, Zhu L, Huang R, Chen X. Application of nano-ELISAin
food analysis: recent advances and challenges. TrAC Trends Anal Chem.
2019;113:140-156.d0i:10.1016/j.trac.2019.02.002

Jafari S, Guercetti J, Geballa-Koukoula A, et al. ASSURED
point-of-need food safety screening: a critical assess-
ment of portable food analyzers. Foods. 2021;10(6):1399.
doi:10.3390/foods10061399

Lauri A, Mariani PO. Potentials and limitations of molecular diagnos-
tic methods in food safety. Gene Nutr. 2009;4(1):1-12. doi:10.1007/
$12263-008-0106-1

Henningsson AJ, Nilsson Bowers A, Nordgren J, Quttineh M,
Matussek A, Haglund S. Rapid diagnosis of acute norovirus-
associated gastroenteritis: evaluation of the Xpert Norovirus
assay and its implementation as a 24/7 service in three hospitals
in Jonkoping County, Sweden. Eur J Clin Microbiol Infect Dis.
2017;36(10):1867-1871.

Martzy R, Kolm C, Krska R, Mach RL, Farnleitner AH, Reischer GH.
Challenges and perspectives in the application of isothermal DNA
amplification methods for food and water analysis. Anal Bioanal Chem.
2019;411(9):1695-1702.d0i:10.1007/500216-018-1553-1

Jebrail MJ, Wheeler AR. Let’s get digital: digitizing chemical biology
with microfluidics. Curr Opin Chem Biol. 2010;14(5):574-581. doi:10.
1016/j.cbpa.2010.06.187

Yeh EC, Fu CC, Hu L, Thakur R, Feng J, Lee LP. Self-powered inte-
grated microfluidic point-of-care low-cost enabling (SIMPLE) chip. Sci
Adv.2017;3(3):e1501645.

Whitesides GM. The origins and the future of microfluidics. Nature.
2006;442(7101):368-373.

Raju SP, Chu X. Rapid low-cost microfluidic detection in point of care
diagnostics. J Med Syst. 2018;42(10):184. doi:10.1007/s10916-018-
1043-1

Chen J, Zhou Y, Wang D, et al. UV-nanoimprint lithography as a tool
to develop flexible microfluidic devices for electrochemical detec-
tion. Lab Chip. 2015;15(14):3086-3094. d0i:10.1039/c5lc00515a

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Xie Y, Xu X, Wang J, Lin J, Ren Y, Wu A. Latest advances and per-
spectives of liquid biopsy for cancer diagnostics driven by microflu-
idic on-chip assays. Lab Chip. 2023;23(13):2922-2941. doi:10.1039/
d21c00837h

Matellan C, del Rio Hernandez AE. Cost-effective rapid prototyping
and assembly of poly(methyl methacrylate) microfluidic devices. Sci
Rep.2018;8(1):6971. doi:10.1038/s41598-018-25202-4

Kojic SP, Stojanovic GM, Radonic V. Novel cost-effective microfluidic
chip based on hybrid fabrication and its comprehensive characteriza-
tion. Sensors. 2019;19(7):1719.doi:10.3390/s19071719

Han X, Zhang Y, Tian J, et al. Polymer-based microfluidic devices: a
comprehensive review on preparation and applications. Polym Eng Sci.
2022;62(1):3-24. doi:10.1002/pen.25831

Vincent ME, Liu W, Haney EB, Ismagilov RF. Microfluidic stochastic
confinement enhances analysis of rare cells by isolating cells and cre-
ating high density environments for control of diffusible signals. Chem
Soc Rev. 2010;39(3):974-984.

Bai Y, Weibull E, Joensson HN, Andersson-Svahn H. Interfacing
picoliter droplet microfluidics with addressable microliter compart-
ments using fluorescence activated cell sorting. Sens Actuators B.
2014;194:249-254.

Tjhung KF, Burnham S, Anany H, Griffiths MW, Derda R. Rapid
enumeration of phage in monodisperse emulsions. Anal Chem.
2014;86(12):5642-5648.

Agresti JJ, Antipov E, Abate AR, et al. Ultrahigh-throughput screening
in drop-based microfluidics for directed evolution. Proc Natl Acad Sci.
2010;107(9):4004-4009.

Hu C, Yue W, Yang M. Nanoparticle-based signal generation
and amplification in microfluidic devices for bioanalysis. Analyst.
2013;138(22):6709-6720.

Aralekallu S, Boddula R, Singh V. Development of glass-based
microfluidic devices: a review on its fabrication and biologic applica-
tions. Mater Design. 2023;225:111517. doi:10.1016/j.matdes.2022.
111517

Gao H, Yan C, Wu W, Li J. Application of microfluidic chip technol-
ogy in food safety sensing. Sensors. 2020;20(6):1792. doi:10.3390/
20061792

Wang ML, Cui JR, Wang Y, et al. Microfluidic paper-based analytical
devices for the determination of food contaminants: developments
and applications. J Agric Food Chem. 2022;70(27):8188-8206. doi: 10.
1021/acs.jafc.2c02366

Zhou W, Le J, Chen Y, Cai Y, Hong Z, Chai Y. Recent advances in
microfluidic devices for bacteria and fungus research. TrAC Trends
Anal Chem. 2019;112:175-195.d0i:10.1016/j.trac.2018.12.024
Scott SM, Ali Z. Fabrication methods for microfluidic devices: an
overview. Micromachines. 2021;12(3):319.doi:10.3390/mi12030319
Ren K, Zhou J, Wu H. Materials for microfluidic chip fabrication. Acc
Chem Res. 2013;46(11):2396-2406.d0i:10.1021/ar300314s
Hoffmann P, Hausig U, Schulze P, Belder D. Microfluidic glass chips
with an integrated nanospray emitter for coupling to a mass spec-
trometer. Angew Chem Int Ed. 2007;46(26):4913-4916. doi:10.1002/
anie.200605152

Kalsi S, Valiadi M, Tsaloglou M-N, et al. Rapid and sensitive detection
of antibiotic resistance on a programmable digital microfluidic plat-
form. Lab Chip. 2015;15(14):3065-3075. doi:10.1039/c5Ic00462d
Mu R, Bu N, Pang J, Wang L, Zhang Y. Recent trends of microfluidics
in food science and technology: fabrications and applications. Foods.
2022;11(22):3727. doi:10.3390/foods 11223727

Duffy DC, McDonald JC, Schueller OJA, Whitesides GM. Rapid
prototyping of microfluidic systems in poly(dimethylsiloxane). Anal
Chem. 1998;70(23):4974-4984.doi:10.1021/ac980656z

Raj MK, Chakraborty S. PDMS microfluidics: a mini review. J Appl
Polym Sci. 2020;137(27):48958. doi:10.1002/app.48958


https://doi.org/10.1016/j.foodres.2020.109414
https://doi.org/10.5851/kosfa.2020.e75
https://doi.org/10.5851/kosfa.2020.e75
https://doi.org/10.1016/j.cofs.2020.10.018
https://www.cdc.gov/foodsafety/cdc-and-food-safety.html
https://doi.org/10.1016/j.tifs.2011.02.009
https://doi.org/10.1016/j.tifs.2011.02.009
https://doi.org/10.1016/j.bj.2018.03.003
https://doi.org/10.1155/2016/3189724
https://doi.org/10.1016/j.tifs.2017.04.015
https://doi.org/10.1016/j.tifs.2017.04.015
https://doi.org/10.1016/j.trac.2010.11.007
https://doi.org/10.1016/j.trac.2010.11.007
https://doi.org/10.1016/j.trac.2019.02.002
https://doi.org/10.3390/foods10061399
https://doi.org/10.1007/s12263-008-0106-1
https://doi.org/10.1007/s12263-008-0106-1
https://doi.org/10.1007/s00216-018-1553-1
https://doi.org/10.1016/j.cbpa.2010.06.187
https://doi.org/10.1016/j.cbpa.2010.06.187
https://doi.org/10.1007/s10916-018-1043-1
https://doi.org/10.1007/s10916-018-1043-1
https://doi.org/10.1039/c5lc00515a
https://doi.org/10.1016/j.mne.2019.01.003
https://doi.org/10.1039/d2lc00837h
https://doi.org/10.1039/d2lc00837h
https://doi.org/10.1038/s41598-018-25202-4
https://doi.org/10.3390/s19071719
https://doi.org/10.1002/pen.25831
https://doi.org/10.1016/j.matdes.2022.111517
https://doi.org/10.1016/j.matdes.2022.111517
https://doi.org/10.3390/s20061792
https://doi.org/10.3390/s20061792
https://doi.org/10.1021/acs.jafc.2c02366
https://doi.org/10.1021/acs.jafc.2c02366
https://doi.org/10.1016/j.trac.2018.12.024
https://doi.org/10.3390/mi12030319
https://doi.org/10.1021/ar300314s
https://doi.org/10.1002/anie.200605152
https://doi.org/10.1002/anie.200605152
https://doi.org/10.1039/c5lc00462d
https://doi.org/10.3390/foods11223727
https://doi.org/10.1021/ac980656z
https://doi.org/10.1002/app.48958

Chemistry
Europe

European Chemical
Societies Publishing

Mini Review

1lof12 Analytical Science Advances doi.org/10.1002/ansa.202400003

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

QO’Connor RS, Hao X, Shen K, et al. Substrate rigidity regulates human
T cell activation and proliferation. J Immunol. 2012;189(3):1330-
1339.d0i:10.4049/jimmunol.1102757

Yoo JC, La GS, Kang CJ, Kim YS. Microfabricated polydimethyl-
siloxane microfluidic system including micropump and microvalve
for integrated biosensor. Curr Appl Phys. 2008;8(6):692-695. doi:10.
1016/j.cap.2007.04.050

Zhou J, Ellis AV, Voelcker NH. Recent developments in PDMS surface
modification for microfluidic devices. Electrophoresis. 2010;31(1):2-
16.d0i:10.1002/elps.200900475

Gencturk E, Mutlu S, Ulgen KO. Advances in microfluidic devices
made from thermoplastics used in cell biology and analyses. Biomi-
crofluidics. 2017;11(5):051502. doi: 10.1063/1.4998604

Shakeri A, Jarad NA, Khan S, Didar FT. Bio-functionalization of
microfluidic platforms made of thermoplastic materials: a review.
Anal Chim Acta. 2022;1209:339283. d0i:10.1016/j.aca.2021.339283
Aghvami SA, Opathalage A, Zhang ZK, et al. Rapid prototyping of
cyclic olefin copolymer (COC) microfluidic devices. Sens Actuators B.
2017;247:940-949.d0i:10.1016/j.snb.2017.03.023

Shakeri A,Khan'S, Abu Jarad N, Didar TF. Fabrication and assembly of
thermoplastic microfluidics; a review. Materials. 2022;15(18):6478.
Lin CH, Wang YN, Fu LM. Integrated microfluidic chip
for rapid DNA digestion and time-resolved capillary elec-
trophoresis analysis. Biomicrofluidics. 2012;6(1):012818.
doi:10.1063/1.3654950

Martinez AW, Phillips ST, Butte MJ, Whitesides GM. Patterned paper
as a platform for inexpensive, low-volume, portable bioassays. Angew
Chem Int Ed. 2007;46(8):1318-1320. doi:10.1002/anie.200603817
Lisowski P, Zarzycki PK. Microfluidic paper-based analytical devices
(MPADs) and micro total analysis systems (uTAS): development, appli-
cations and future trends. Chromatographia. 2013;76(19-20):1201-
1214. doi:10.1007/s10337-013-2413-y

Busa LSA, Mohammadi S, Maeki M, Ishida A, Tani H, Tokeshi M.
Advances in microfluidic paper-based analytical devices for food
and water analysis. Micromachines. 2016;7(5):2186. doi:10.3390/
mi7050086

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Abebe E, Gugsa G, Ahmed M. Review on major food-borne zoonotic
bacterial pathogens. J Trop Med. 2020;2020:4674235. doi:10.1155/
2020/4674235

Gracias KS, McKillip JL. A review of conventional detection and enu-
meration methods for pathogenic bacteria in food. Can J Microbiol.
2004;50(11):883-890.doi:10.1139/w04-080

Melton-Celsa A, Mohawk K, Teel L, O’Brien A. Pathogenesis of Shiga-
Toxin Producing Escherichia coli. Springer; 2011.

Sun D, Fan T, Liu F, Wang F, Gao D, Lin J-M. A microfluidic chemi-
luminescence biosensor based on multiple signal amplification for
rapid and sensitive detection of E. coli O157:H7. Biosens Bioelectron.
2022;212:114390.d0i:10.1016/j.bi0s.2022.114390

Jin'Y, Wang JY, Wang ZQ, Xiong P, Cheng JN, Xu TY. An integrated
microfluidic biosensing system based on a versatile valve and recom-
binase polymerase amplification for rapid and sensitive detection
of Salmonella typhimurium. Biosensors. 2023;13(8):790. doi: 10.3390/
bios13080790

Broten CJ, Wydallis JB, Reilly TH, Bisha B. Development and evalu-
ation of a paper-based microfluidic device for detection of Listeria
monocytogenes on food contact and non-food contact surfaces.
Foods. 2022;11(7):947. doi:10.3390/foods 11070947

Chen YX, Hu YX, Lu XA. An integrated paper microfluidic device
based on isothermal amplification for simple sample-to-answer
detection of Campylobacter jejuni. Appl Environ Microb. 2023;89(7):15.
doi:10.1128/aem.00695-23

Pang B, Fu KY, Liu YS, et al. Development of a self-priming
PDMS/paper hybrid microfluidic chip using mixed-dye-loaded loop-
mediated isothermal amplification assay for multiplex foodborne
pathogens detection. Anal Chim Acta. 2018;1040:81-89. doi:10.
1016/j.aca.2018.07.024

Winder N, Gohar S, Muthana M. Norovirus: an overview of virology
and preventative measures. Viruses. 2022;14(12):2811.doi:10.3390/
v14122811

Cassedy A, Parle-Mcdermott A, O'Kennedy R. Virus detection: a
review of the current and emerging molecular and immunological
methods. Front Mol Biosci. 2021;8:637559. doi:10.3389/fmolb.2021.

54. Nilghaz A, Mousavi SM, Li M, Tian J, Cao R, Wang X. Paper-based 637559
microfluidics for food safety and quality analysis. Trends Food Sci 72. Qin ZW, Xiang XR, Xue L, et al. Development of a novel RAA-
Technol. 2021;118:273-284. doi:10.1016/j.tifs.2021.08.029 based microfluidic chip for absolute quantitative detection of human
55. Qin X, Liu J, Zhang Z, et al. Microfluidic paper-based chips in rapid norovirus. Microchem J. 2021;164:106050. doi:10.1016/j.microc.

56.

57.

58.

59.

60.

61.

detection: current status, challenges, and perspectives. TrAC Trends
Anal Chem.2021;143:116371.d0i:10.1016/j.trac.2021.116371
Zheng W, Wang K, Xu H, et al. Strategies for the detection of
target analytes using microfluidic paper-based analytical devices.
Anal BioanalChem. 2021;413(9):2429-2445. doi:10.1007/s00216-
021-03213-x

Wang M, Cui J, Wang Y, et al. Microfluidic paper-based analytical
devices for the determination of food contaminants: developments
and applications. J Agric Food Chem. 2022;70(27):8188-8206. doi:10.
1021/acs.jafc.2c02366

Nuchtavorn N, Macka M. A novel highly flexible, simple, rapid
and low-cost fabrication tool for paper-based microfluidic devices
(uPADs) using technical drawing pens and in-house formulated aque-
ous inks. Anal Chim Acta. 2016;919:70-77. doi:10.1016/j.aca.2016.
03.018

Naqvi TK, Bajpai A, Dwivedi S, Bhaiyya M, Goel S, Dwivedi PK. Flexi-
ble, label free and low-cost paper based microfluidic SERS substrates
for thiram detection. Sens Actuators A. 2023;356:114341. doi:10.
1016/j.sna.2023.114341

Dou MW, Sanjay ST, Benhabib M, Xu F, Li XJ. Low-cost bioanal-
ysis on paper-based and its hybrid microfluidic platforms. Talanta.
2015;145:43-54. doi:10.1016/j.talanta.2015.04.068

Zhao X, Lin C-W, Wang J, Oh DH. Advances in rapid detection meth-
ods for foodborne pathogens. J Microbiol Biotechnol. 2014;24(3):297-
312.d0i:10.4014/jmb.1310.10013

73.

74.

75.

76.

77.

78.

79.

2021.106050

Jiang VY, Jiang S, Wu Y, et al. Multiplex and on-site PCR detection of
swine diseases based on the microfluidic chip system. BMC Vet Res.
2021;17(1):117.d0i:10.1186/512917-021-02825-w

Asibi AE, Chai Q, Coulter JA. Rice blast: a disease with implica-
tions for global food security. Agronomy. 2019;9(8):451. doi: 10.3390/
agronomy9080451

Shams AM, Rose LJ, Noble-Wang JA. Development of a rapid-viability
PCR method for detection of Clostridioides difficile spores from
environmental samples. Anaerobe. 2020;61:102077. doi:10.1016/j.
anaerobe.2019.102077

Zhang XD, Song HJ, Wang YF, Hu L, Wang P, Mao HP. Detection
of rice fungal spores based on micro-hyperspectral and microfluidic
techniques. Biosensors. 2023;13(2):278. doi:10.3390/bios 13020278
Guo L, Feng J,Fang Z, Xu J, Lu X. Application of microfluidic “lab-on-a-
chip” for the detection of mycotoxins in foods. Trends Food Sci Technol.
2015;46(2, Part A):252-263. doi:10.1016/j.tifs.2015.09.005

Wang Y, Ning B, Peng Y, et al. Application of suspension array for
simultaneous detection of four different mycotoxins in corn and
peanut. Biosens Bioelectron. 2013;41:391-396. doi:10.1016/j.bios.
2012.08.057

Jiang Q, Wu JD, Yao K, et al. Paper-based microfluidic device (DON-
Chip) for rapid and low-cost deoxynivalenol quantification in food,
feed, and feed ingredients. ACS Sens. 2019;4(11):3072-3079. doi:10.
1021/acssensors.9b01895


https://doi.org/10.4049/jimmunol.1102757
https://doi.org/10.1016/j.cap.2007.04.050
https://doi.org/10.1016/j.cap.2007.04.050
https://doi.org/10.1002/elps.200900475
https://doi.org/10.1063/1.4998604
https://doi.org/10.1016/j.aca.2021.339283
https://doi.org/10.1016/j.snb.2017.03.023
https://doi.org/10.1063/1.3654950
https://doi.org/10.1002/anie.200603817
https://doi.org/10.1007/s10337-013-2413-y
https://doi.org/10.3390/mi7050086
https://doi.org/10.3390/mi7050086
https://doi.org/10.1016/j.tifs.2021.08.029
https://doi.org/10.1016/j.trac.2021.116371
https://doi.org/10.1007/s00216-021-03213-x
https://doi.org/10.1007/s00216-021-03213-x
https://doi.org/10.1021/acs.jafc.2c02366
https://doi.org/10.1021/acs.jafc.2c02366
https://doi.org/10.1016/j.aca.2016.03.018
https://doi.org/10.1016/j.aca.2016.03.018
https://doi.org/10.1016/j.sna.2023.114341
https://doi.org/10.1016/j.sna.2023.114341
https://doi.org/10.1016/j.talanta.2015.04.068
https://doi.org/10.4014/jmb.1310.10013
https://doi.org/10.1155/2020/4674235
https://doi.org/10.1155/2020/4674235
https://doi.org/10.1139/w04-080
https://doi.org/10.1016/j.bios.2022.114390
https://doi.org/10.3390/bios13080790
https://doi.org/10.3390/bios13080790
https://doi.org/10.3390/foods11070947
https://doi.org/10.1128/aem.00695-23
https://doi.org/10.1016/j.aca.2018.07.024
https://doi.org/10.1016/j.aca.2018.07.024
https://doi.org/10.3390/v14122811
https://doi.org/10.3390/v14122811
https://doi.org/10.3389/fmolb.2021.637559
https://doi.org/10.3389/fmolb.2021.637559
https://doi.org/10.1016/j.microc.2021.106050
https://doi.org/10.1016/j.microc.2021.106050
https://doi.org/10.1186/s12917-021-02825-w
https://doi.org/10.3390/agronomy9080451
https://doi.org/10.3390/agronomy9080451
https://doi.org/10.1016/j.anaerobe.2019.102077
https://doi.org/10.1016/j.anaerobe.2019.102077
https://doi.org/10.3390/bios13020278
https://doi.org/10.1016/j.tifs.2015.09.005
https://doi.org/10.1016/j.bios.2012.08.057
https://doi.org/10.1016/j.bios.2012.08.057
https://doi.org/10.1021/acssensors.9b01895
https://doi.org/10.1021/acssensors.9b01895

Chemistry
Europe

Mini Review
. . European Chemical
120f 12 Analytical Science Advances doi.org/10.1002/ansa.202400003 Socibties Publishing
80. Lu L, Gunasekaran S. Dual-channel ITO-microfluidic electrochemi- 92. Jaishankar M, Tseten T, Anbalagan N, Mathew BB, Beeregowda

cal immunosensor for simultaneous detection of two mycotoxins.
Talanta. 2019;194:709-716. doi:10.1016/j.talanta.2018.10.091

KN. Toxicity, mechanism and health effects of some heavy metals.
Interdiscipl Toxicol. 2014;7(2):60-72. doi:10.2478/intox-2014-0009

81. Food Allergy Research & Education. Food allergy essentials: common 93. Waheed A, Mansha M, Ullah N. Nanomaterials-based electrochem-

allergens. 2024. ical detection of heavy metals in water: current status, challenges
82. Leo ML, Nollet AJvH. Food Allergens. 1st ed. CRC Press; 2011. and future direction. TrAC Trends Anal Chem. 2018;105:37-51. doi: 10.
83. Gupta RS, Warren CM, Smith BM, et al. Prevalence and sever- 1016/j.trac.2018.04.012

ity of food allergies among US Adults. JAMA Netw Open. 94. Filippidou MK, Kanaris Al, Aslanidis E, et al. Integrated plastic

2019;2(1):e185630. doi:10.1001/jamanetworkopen.2018.5630 microfluidic device for heavy metal ion detection. Micromachines.
84. HuaMZ,LuX.Development of a microfluidic paper-based immunoas- 2023;14(8):1595. doi:10.3390/mi14081595

say for rapid detection of allergic protein in foods. ACS Sens. 95. Lo RC. Microfluidics technology: future prospects for molecular

2020;5(12):4048-4056.doi:10.1021/acssensors.0c02044 diagnostics. Adv Health Care Technol. 2017;3(null):3-17. do0i:10.2147/
85. Ma SY, Chiang YC, Hsu CH, et al. Peanut detection using AHCT.S94024

droplet microfluidic polymerase chain reaction device. J Sens. 96. Fluigent. What are the advantages of microfluidics in food indus-

2019;2019:4712084. doi:10.1155/2019/4712084 try? 2023. Accessed January 15, 2024. Available from: https://www.
86. Sayers RL, Gethings LA, Lee V, et al. Microfluidic separation coupled fluigent.com/markets-applications/food-testing-agriculture/

87.

88.

89.

90.

91.

to mass spectrometry for quantification of peanut allergens in a com-
plex food matrix. J Proteome Res. 2018;17(1):647-655. doi:10.1021/
acs.jproteome.7b00714

Weng X, Gaur G, Neethirajan S. Rapid detection of food allergens
by microfluidics ELISA-based optical sensor. Biosensors. 2016;6(2):24.
doi:10.3390/bios6020024

Salam MA, Al-Amin MY, Salam MT, et al. Antimicrobial resis-
tance: a growing serious threat for global public health. Healthcare.
2023;11(13):1946.doi:10.3390/healthcare11131946

Galhano BSP, Ferrari RG, Panzenhagen P, De Jesus ACS, CA
Conte-Junior. Antimicrobial resistance gene detection meth-
ods for bacteria in animal-based foods: a brief review of
highlights and advantages. Microorganisms. 2021;9(5):923.
doi:10.3390/microorganisms9050923

Yu WB, Chen YP, Knauer M, Dietrich R, Martlbauer E, Jiang
XY. Microfluidic chip-based immunoassay for reliable detection of
cloxacillin in poultry. Food Anal Meth. 2016;9(11):3163-3169. doi:10.
1007/s12161-016-0508-4

Sun JD, Ren YJ, Ji J, Guo Y, Sun XL. A novel concentration gradient
microfluidic chip for high-throughput antibiotic susceptibility test-
ing of bacteria. Anal BioanalChem. 2021;413(4):1127-1136. doi:10.
1007/s00216-020-03076-8

97.

98.

99.

100.

Vidic J, Manzano M, Chang C-M, Jaffrezic-Renault N. Advanced
biosensors for detection of pathogens related to livestock and
poultry. Vet Res. 2017;48(1):11. doi:10.1186/s13567-017-0418-5
Narayanamurthy V, Jeroish ZE, Bhuvaneshwari KS, et al. Advances
in passively driven microfluidics and lab-on-chip devices: a
comprehensive literature review and patent analysis. RSC Adv.
2020;10(20):11652-11680.d0i:10.1039/d0ra00263a

Zvirblyté J, Mazutis L. Microfluidics for Cancer Biomarker Discovery,
Research, and Clinical Application. Springer International Publishing;
2022.

Natu R, Herbertson L, Sena G, Strachan K, Guha S. A systematic
analysis of recent technology trends of microfluidic medical devices
in the United States. Micromachines. 2023;14(7):1293. doi:10.3390/
mi14071293

How to cite this article: Kasputis T, Hosmer KE, He Y, Chen J.

Ensuring food safety: Microfluidic-based approaches for the

detection of food contaminants. Anal Sci Adv.
2024;5:€2400003. https://doi.org/10.1002/ansa.202400003


https://doi.org/10.1016/j.talanta.2018.10.091
https://doi.org/10.1001/jamanetworkopen.2018.5630
https://doi.org/10.1021/acssensors.0c02044
https://doi.org/10.1155/2019/4712084
https://doi.org/10.1021/acs.jproteome.7b00714
https://doi.org/10.1021/acs.jproteome.7b00714
https://doi.org/10.3390/bios6020024
https://doi.org/10.3390/healthcare11131946
https://doi.org/10.3390/microorganisms9050923
https://doi.org/10.1007/s12161-016-0508-4
https://doi.org/10.1007/s12161-016-0508-4
https://doi.org/10.1007/s00216-020-03076-8
https://doi.org/10.1007/s00216-020-03076-8
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1016/j.trac.2018.04.012
https://doi.org/10.1016/j.trac.2018.04.012
https://doi.org/10.3390/mi14081595
https://doi.org/10.2147/AHCT.S94024
https://doi.org/10.2147/AHCT.S94024
https://www.fluigent.com/markets-applications/food-testing-agriculture/
https://www.fluigent.com/markets-applications/food-testing-agriculture/
https://doi.org/10.1186/s13567-017-0418-5
https://doi.org/10.1039/d0ra00263a
https://doi.org/10.3390/mi14071293
https://doi.org/10.3390/mi14071293
https://doi.org/10.1002/ansa.202400003

	Ensuring food safety: Microfluidic-based approaches for the detection of food contaminants
	Abstract
	1 | INTRODUCTION
	2 | MICROFLUIDIC CHIP MATERIALS AND MANUFACTURING
	2.1 | Inorganics
	2.2 | Elastomers
	2.3 | Thermoplastics
	2.4 | Paper

	3 | APPLICATIONS FOR FOOD SAFETY
	3.1 | Bacteria
	3.2 | Viruses
	3.3 | Fungi
	3.4 | Allergens
	3.5 | Antimicrobial resistance
	3.6 | Heavy metals
	3.7 | Commercialization in food applications

	4 | SUMMARY AND OUTLOOK
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


