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Abstract: Food quality and safety are important to protect consumers from foodborne illnesses.
Currently, laboratory scale analysis, which takes several days to complete, is the main way to ensure
the absence of pathogenic microorganisms in a wide range of food products. However, new methods
such as PCR, ELISA, or even accelerated plate culture tests have been proposed for the rapid detection
of pathogens. Lab-on-chip (LOC) devices and microfluidics are miniaturized devices that can enable
faster, easier, and at the point of interest analysis. Nowadays, methods such as PCR are often
coupled with microfluidics, providing new LOC devices that can replace or complement the standard
methods by offering highly sensitive, fast, and on-site analysis. This review’s objective is to present
an overview of recent advances in LOCs used for the identification of the most prevalent foodborne
and waterborne pathogens that put consumer health at risk. In particular, the paper is organized as
follows: first, we discuss the main fabrication methods of microfluidics as well as the most popular
materials used, and then we present recent literature examples for LOCs used for the detection of
pathogenic bacteria found in water and other food samples. In the final section, we summarize our
findings and also provide our point of view on the challenges and opportunities in the field.

Keywords: lab on a chip; microfluidics; polymer-based; paper-based; fabrication techniques; pathogen
detection; food safety; water safety

1. Introduction

Lab-on-a-chip devices (LOCs) are miniaturized devices in which biological, chemical,
or biochemical analyses that are normally conducted in a laboratory are performed inside
a single device [1]. Such devices exhibit several advantages, such as the small amount of
sample required, portability, low price compared to other methods, and fast and accurate
results. In addition, they do not require a centralized laboratory with dedicated equipment
and highly trained personnel [2,3]. Due to these advantages, LOCs can find a wide range of
applications in healthcare [4], food safety [5], and chemical analysis [6] and have become a
highly interesting research area. However, how was this idea developed? The idea of LOC
is based on microfluidics, which is directly related to the development of semiconductors
and the use of micro and nanotechnology. The first micro-sized transistors were fabricated
using photolithography in 1950 [7] and marked the beginning of microelectronics and
Micro-Electromechanical Systems (MEMS). The first Lab-on-a-chip device was reported in
1979 by Stanford University [8]. However, the first proponent of “Lab-on-a-chip” devices is
considered to be Andreas Manz, who created the definition for µTAS (micrometer-scale
total analysis systems), “a system that periodically performs ALL sample handling steps
required to translate chemical into electronic information at a location that is extremely
close to the point of sample collection” [9,10].

Similarly to the µTAS definition, LOCs are devices in which all necessary steps during
a sample analysis can be completed in a single device. Basic functions such as sample
preparation, mixing, filtration, heating, separation, and detection can be integrated into
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a LOC operation [11]. It is therefore evident that LOCs are not simple arrangements of
microchannels but rather a more sophisticated assembly of various parts that enable spe-
cific functions. A complete and autonomously operating LOC may require the integration
of several parts, such as micro-pumps, micro-valves, micro-mixers, reaction chambers,
actuators, and sensors. More interestingly, parts such as the micro-valves, which control the
fluid flow inside the microchannels, can be operated manually, pneumatically, or electroki-
netically [12,13]. A representative example of a LOC for biological analysis is provided in
Figure 1A, while Figure 1B shows the most commonly used materials, fabrication methods,
and detection principles in microfluidics.
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ical, optical, and colorimetric, and the most commonly employed materials are paper, PDMS, and 
silicon/glass. Lithography, printing, and laser-based techniques are widely used methods for micro-
fluidic fabrication. Reproduced with permission from Ref. [15] Elsevier Sensors and Actuators A: 
Physical. (C) The number of papers published during the period 2014–2022 in the thematic area: 
Microfluidics/LOCS for bacteria detection in Food. 
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other, less expensive, and easier-to-handle and manipulate materials like elastomers, ther-
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Figure 1. (A) This figure depicts the basic parts of a microfluidic device and some key targets
analytes (i.e., proteins, cells, DNA, etc.). Reproduced with permission from Ref. [14] Elsevier in
Analytical Chemistry. (B) This figure summarizes all the fundamental LOC device detection methods,
materials, and fabrication techniques. The most commonly used detection techniques are electro-
chemical, optical, and colorimetric, and the most commonly employed materials are paper, PDMS,
and silicon/glass. Lithography, printing, and laser-based techniques are widely used methods for
microfluidic fabrication. Reproduced with permission from Ref. [15] Elsevier Sensors and Actuators
A: Physical. (C) The number of papers published during the period 2014–2022 in the thematic area:
Microfluidics/LOCS for bacteria detection in Food.

In terms of materials used in LOC fabrication, silicon and glass were the first mate-
rials used since the first introduction of µTAS in 1990 [9], but interest quickly switched
to other, less expensive, and easier-to-handle and manipulate materials like elastomers,
thermoplastics, and paper [16].

As stated above, LOC devices have been used in various fields, such as chemistry,
drug production, medicine, proteomics, and food safety, and their usage has only been
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expanding during the past few years [17–20]. In developing countries, their application
in the healthcare field can be characterized as urgent and inevitable, with over 1 billion
people lacking basic health care services [4,21]. Food and water safety is another key area of
application for LOCs. Again, many people in developing countries, i.e., in the Middle East,
Asia, and North Africa, continue to lack access to basic essentials such as clean drinking
water and healthy food, despite all the technological breakthroughs [22]. However, it
is not only a need in developing countries, food safety is an important field worldwide,
and it is estimated that over 100 million people are annually affected by Food Borne
Diseases (FBD) with 32 million being children under 5 years old. Pathogen microorganisms,
especially intestinal bacteria, such as Salmonella, Campylobacter, E. coli O157:H7, and Listeria
monocytogenes, are mainly responsible for food and water deterioration and are causing
most of the foodborne illnesses.

Thus, the application of LOC devices in food safety-related applications is blooming
since LOCs can provide rapid, accurate, and on-site analysis of food samples. In this review
paper, we provide an overview of the main fabrication techniques and the applications
of microfluidic devices, as well as a complete literature review of efforts about polymeric
and paper-based LOCs used for detection of food-borne and water-borne pathogens. In
the final section, we summarize the most important advances in the field together with
their advantages and disadvantages, and we present our opinion on the remaining tasks
required in order to accelerate the industry’s uptake of this new type of devices.

2. Polymer and Paper-Based Microfluidic Fabrication Methods

Since the introduction of the µTAS concept in the 1990s, scientists have gradually
shifted their interest in polymers due to the demand for cheap and disposable devices.
Polymer materials typically used in microfluidic applications can be divided into three
categories according to their physical properties: (a) thermosets, (b) thermoplastics, and
(c) elastomers [23].

Thermosets are polymers that are irreversibly hardened and come from soft, solid,
or viscous liquid prepolymers. Curing results in chemical reactions that create extensive
cross-linking between polymer chains to produce an infusible, insoluble, and thermally
stable polymer network [24]. Examples of thermosets are polyimide, SU-8 (photoresist),
polyurethane, and epoxy resin.

Thermoplastics, on the other hand, do not form irreversible chemical bonds during
the curing process because their polymer chains are not cross-linked, so they can move
inside the bulk at elevated temperatures, which is the reason why they are deformable [25].
They are typically used to produce parts using various polymer processing techniques such
as injection molding, compression molding, or hot embossing. Examples of thermoplas-
tic polymers that are commonly used in microfluidics applications are polystyrene (PS),
polycarbonate (PC), and Cyclic Olefin Copolymer (COC) [26].

Elastomers consist of cross-linked polymer chains that can be deformed under pressure
but come back to their initial shape when the force stops. The most common elastomer
is PDMS (polydimethylsiloxane) which belongs to the group of silicon elastomers and
can be deformed under force or air pressure [27]. PDMS is easy to work with, and its
microfabrication is not costly. Liquid PDMS prepolymer is cured at temperatures between
40 ◦C–70 ◦C and it can be cast in nanometer resolution from photoresist templates that are
easier and cheaper to prepare than silicon or glass. It also has great biocompatibility and
biostability and is used in many medical applications [28].

Paper is another material commonly used in microfluidics and LOCs; it is produced
from a dilute aqueous suspension of cellulose fibers that are drained through a sieve,
then pressed and dried to yield a sheet formed by a network of randomly interwoven
fibers [29]. Its unique structure provides essential advantages for microfluidics applica-
tions: (a) capillary action, allowing liquid samples to be directed along the desired path
without external forces [30], (b) good reagent distribution due to the high absorbency and
air permeability [31], (c) sample filtration through the network structure of the paper, and
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(d) a high surface-to-volume ratio, which increases the number of possible immobiliza-
tion sites [30] (e) natural biocompatibility, biodegradability, and chemical and biological
inertness. A landmark report from the group of Whitesides in 2007 on the use of paper
patterned with photoresist to create channels and colorimetric detection zones initiated
an avalanche of work in the field due to the multiple advantages of paper as well as its
availability all around the world [31]. In the following sections, we provide an overview of
the current fabrication techniques for polymeric as well as paper-based microfluidics and
LOCs, focusing mainly on examples related to food safety applications.

2.1. Polymer Mold-Based Techniques

Thanks to their properties, polymers can be easily used as base materials for several
parts, objects, and components in many industry sectors. The main production method for
plastic objects is molding. In microfluidics, molding polymers on the microscale is one of
the most common techniques for the realization of microfluidics and LOCs. In the following
sections, we provide examples of the different molding techniques used in microfluidics.

2.1.1. Hot Embossing

Hot embossing is a technique that uses the very simple concept of transferring patterns
of micro- and nanoscale features from a mold to a target substrate and has been extensively
used for the fabrication of various microfluidic devices. In the past two decades, this
technique has successfully broken through the barrier of laboratory-scale production and
become an industrial-scale production technique [32]. Overall, there are two types of hot
embossing: the conventional method (plate-to-plate) [33] and roll-to-roll [34]. Using this
approach, the productivity of the method is greatly improved. A schematic representation
of both methods is provided in Figure 2.

Several examples of microfluidics or LOCs fabricated using hot embossing exist
in the literature, such as the fabrication of a microfluidic platform for ELISA on beads
targeting the detection of two important human proteins (IL6 & PDGF-2). The device
included superhydrophobic inlet and outlet valves as well as an incubation chamber, and
it was created by hot embossing the Si master onto a PMMA substrate [35]. Similarly,
Kourmpetis et al. [36] produced microfluidic chromatography columns by hot embossing,
but in this approach, they held the two plates (one plate with the Si master and the other
with the COP substrate) at different temperatures in order to avoid deformation as well as
to achieve a successful replication of fine micropillars. Studies related to hot embossing
include several review papers in which all parameters affecting the quality of the replication
are analyzed in detail [37,38].

Food-relevant efforts include the work by Matlock-Colangelo et al. [39], who fabricated
a PMMA-based LOC that included positively and negatively charged electrospun poly
(vinyl alcohol) (PVA) nanofibers to detect E. coli K12 cells. The negatively charged nanofiber
mats managed to capture 72% of the E. coli cells while reducing nonspecific analyte retention
within the channel. The microfluidic channels (four parallel channels, 42 µm deep, 1 mm
wide, and 20 mm long each) were embossed into pieces of PMMA using a Hot Press at
130 ◦C and 10,000 lb (44,482 N) of force for 5 min. Furthermore, UVO-assisted thermal
bonding was used to produce microfluidic devices. In another example, a deep (28 µm)
cyclo-olefin polymer (COP) microcolumn with high aspect ratio (3:1) features was fabricated
using a two-step process: (a) hot embossing of a-Si master and (b) pressure-assisted thermal
bonding. The column was used to separate substances used in the food industry such
as sodium benzoate, methylparaben, and propylparaben. To reduce processing time,
techniques such as ultrasonic hot embossing have also been developed [38,40], in which the
embossing action is created by pressing a sonotrode vibrating at an ultrasonic frequency
against the mold, causing localized heat generation that softens the plastic substrate, and
the pattern is transferred from the mold [41]. In another work, far-infrared (FIR)-based
heating was combined with hot embossing, and the substrate temperature rose from room
temperature to the embossing temperature of 135 ◦C in just 25 s, while the cooling was
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accomplished in 90 s by the circulation of water through the cooling channel, so the total
process cycle time was less than 2 min [42].
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Figure 2. (a) Schematic representation of the main steps during hot embossing. 1©– 3©: The polymer
substrate is placed between the two heated plates in which also pressure can be applied (i.e., heated
press). The temperature is set to or above the glass transition of the polymer, then pressure is applied,
and the pattern is transferred to the softened polymer. Eventually, the temperature is decreased, and
the pressure is released. (b) Roll-to-Roll hot embossing is a continuous process and preheating the
substrate is not necessary. The upper roll contains the master that is heated, constant pressure is
applied, and the pattern is transferred to the substrate.

2.1.2. Injection Molding

Injection molding is a manufacturing process in which molten material is injected
into a heated mold, and after curing, the patterned parts are produced. It is considered
one of the most effective methods for the mass production of thermoplastic polymer
micro-components. For conventional injection molding, plastic pellets or granules are fed
from a hopper into a heating barrel, and a screw-type plunger moves the material slowly
forward as it melts [43]. Heating can be achieved by hot air, coils, water, steam, heating
cartridges, heating rods [44], or by exploiting the radiation heating from sources such as
infrared lights, lasers, and the proximity effect of a high-frequency current through an
electrical coil. In conventional injection molding, the mold is kept below or equal to the
polymer’s glass transition temperature. However, there are also non-conventional injection
molding methods, such as the variothermal process, in which the mold temperature is
higher or equal to the polymer’s glass transition temperature during injection and changes
rapidly during cooling. The cycles of the variothermal process can be modified to match
the desired conditions and achieve higher quality [45]. Another method considered non-
conventional is ultrasonically assisted injection molding. This method has several benefits
over conventional microinjection processes, with the most important being the reduced
energy required. However, according to Whitesides et al. [46], there are concerns about
whether such systems can produce homogeneous melting. A schematic representation of a
typical injection molding process is provided in Figure 3.
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time is also provided. The thermoplastic material is fed into a heated barrel and injected into a mold
cavity where it is left to cool down and harden. Eventually, the product or the microfluidic device
is fabricated.

Fabricating microfluidic chips with injection molding is a process that requires pro-
cessing molds, which is a costly and time-consuming process. Hansen et al. [47] followed
an approach of depositing SU-8 photoresist directly on the surface of nickel molds so they
could be reused 300 times with cyclic olefin copolymer (COC) without any signs of failure
or release and, in that way, reduced the cost and the time needed for fabrication. In the
food industry, injection molding has been used by Yu et al. [48] as the fabrication process
for a centrifugal three-layered microfluidic chip from PMMA that contains reaction cells
connected to a buffer cell, which in turn is connected to the main road, inlets, and outlets.
This chip uses a real-time fluorescent LAMP method for detecting samples simultaneously
for five types of milk (cow, goat, horse, camel, and yak). All the above highlights that
injection molding is a technique that has very good repeatability, is fast, can process 3D
microfluidic chips, and can be used for large-scale production, while the main drawback of
the method is related to the high cost of the mold.

2.1.3. Casting

Casting is a manufacturing process in which a liquid material is poured into a mold
that has the desired shape and then is left to solidify. Casting is considered a low-cost and
simple procedure with high fidelity. The most commonly used material in this process
is Poly(dimethylsiloxane) PDMS, and the techniques derived from using it, are termed
“soft lithography”, which was initially developed by Whitesides et al. in the late 1990s [49].
The elastomer pouring technique was developed by Bell Laboratory in the 1970s [50]
and was first used in the 1980s to fabricate microfluidic chips. For example, in 2021,
Xue et al. [51] used the casting method for the PDMS mold preparation in the fabrica-
tion process of a microfluidic chip for the detection of foodborne Salmonella. Further-
more, Salih et al. [52] detected coliform bacteria in water by measuring the absorbance
of the sample using UV-visible spectroscopy, with a detection limit of 17,200 cfu/mL.
Their portable device was fabricated with glass and polydimethylsiloxane (PDMS) mate-
rial using replica molding/casting (soft lithography) to create the PDMS microchannel.
Figure 4 includes a schematic representation of the mold and its application to create a
PDMS-based microfluidic.
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2.2. Micromachining Techniques

CNC machining is a manufacturing process in which factory tools and machinery are
manipulated by computer software. The method’s versatility and simplicity have made
it also popular for the fabrication of microfluidic chips, but the resolution of the method
is determined by the size of the available tools; up to now, microfluidics with channel
dimensions greater than 100 µm have been reported [43,53].

Laser micromachining is a technique that involves other steps and processes such as
laser milling, cutting, etching, and engraving. These processes are also known as laser
ablation where a high-energy laser beam is used and focused on the substrate surface to
remove materials for the design of micro/nanostructures. The laser sources that are used
can be classified based on their wavelength (UV/excimer lasers and infrared lasers) or the
time scale of their pulse durations (millisecond, microsecond, nanosecond, picosecond,
and femtosecond lasers). The main advantages of this method are the high precision and
the method flexibility. Using laser micromachining, a wide range of polymers have been
used for the fabrication of microchannels. Examples include COP [54], PMMA [55], PS,
PC [56], PET [57], PDMS [58], as well as biodegradable polymers [59]. One interesting
example is the work by Bilican et al. [60], in which CO2 laser machining was used to create
microchannels in PMMA and PS, followed by detailed thermal and material properties
analysis, trying to define the capabilities as well as the limitations of the method.

2.3. 3D Printing

3D printing has also attracted a great deal of attention for the fabrication of microflu-
idics. 3D printing enables the fabrication of complex flow-regulating components and the
integration of detectors and cell culture on chips. It can be carried out through processes
such as stereolithography (SL) [61], selective laser melting and sintering (SLS) [62], fused
deposition [63], and poly-jet or multi-jet modeling (MJM). For example, Duarte et al. [64]
studied the development of 3D-printed microfluidic devices with integrated electrodes
for label-free counting of E. coli cells incorporated inside droplets based on capacitively
coupled contactless conductivity detection (C4D). The devices were fabricated with the
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use of a 3D printer with fused deposition modeling (FDM), which is one of the simplest
and lowest-cost methods. It is based on the fabrication of 3D objects with layer-by-layer
deposition of semi-fused thermoplastic filaments, such as polylactic acid (PLA) and acry-
lonitrile butadiene styrene (ABS), on a printing platform [65]. The group managed to
detect E. coli cells in the concentration range between 86.5 and 8650 cfu/droplet, with a
detection limit of 63.66 cfu/droplet. Kanitthamniyom et al. [66] describe the development
of a magnetic digital microfluidic diagnostic platform for rapid, accurate, and parallelized
solutions for clinical Carbapenemase-producing Enterobacteriaceae (CPE) detection. They
isolated and tested 27 bacteria from the platform and observed the color change in the
droplets, indicating the bacteria’s presence. Figure 5 exhibits how simply a CAD design
can be transformed into a microfluidic device using the 3D printing approach.
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2.4. Optical Lithography Techniques

Optical lithography-based methods have been extensively used for the fabrication of
microfluidic channels. SU-8 is one of the most popular materials in this method as it has
high mechanical rigidity, and chemical stability, as well as a defined shape and size [68].
SU-8 has also been used for the fabrication of masters of in-line micro-valves with different
aspect ratios via lithography techniques due to its chemical and thermal stability after
polymerization and allows mass production from a single master mold [69]. In another
interesting work, polystyrene (PS), which is a commonly used material for biological and
biomedical applications due to its high biocompatibility, has been used for the fabrication
of microstructures with 20 µm resolution with direct optical lithography [70].

2.5. Plasma Processing

Plasma processing has been used in microfluidics to selectively modify the wetting
properties of microfluidics [71], to promote the adhesion of a bio interface or a coating inside
microfluidics [72], as well as for surface treatment to achieve bonding between glass and
PDMS or other polymers [73]. However, its application is not limited to the aforementioned
applications, and if combined with other methods such as optical lithography, it can
provide an alternative method for the complete fabrication of a functional polymer-based
microfluidic device [74].
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For microfluidics relevant to food safety applications, plasma processing has been used
to enable antibody binding at a high level, and microfluidic chips for bacteria capturing and
lysis have been demonstrated on PMMA substrates. In particular, the proposed devices
have been used for the detection of Salmonella with concentrations ranging from 102 to
108 cells/mL. Except for Salmonella, E. coli, and S. Typhimurium were also successfully
captured and detected with a capture efficiency of 80–100% for concentrations of less than
106 cells/mL even when using high flow rates [75]. In another example, Geissler et al. [76]
fabricated a microfluidic chip for the identification of E. coli after a short analysis time.
The device integrated thermal lysis, PCR amplification, and microarray hybridization on
the same cartridge [77,78]. The immobilization of the amino-modified DNA probes was
completed by exposure of the polymer materials to oxygen plasma, leading to the formation
of hydrophilic, oxygen-containing species (including –OH groups) which increase the
surface free energy and promote the wetting of the polymer substrate by polar solvents.

Table 1 summarizes the most common fabrication methods for polymeric microflu-
idics, together with their advantages and disadvantages. There is no “perfect” solution
when choosing the fabrication method of a polymer-based microfluidic, and the choice is
determined by several factors such as accessibility to a clean room, the material selection
for the application envisioned, and most importantly, the final intended use of the device.
For example, injection molding and roll-to-roll hot embossing are ideal for high-volume
production, but the material undergoes wide changes in temperature. On the other hand,
technologies such as plasma treatment seem really promising for the functionalization of
such devices. The selection of the fabrication method also depends on the complexity of
the device, the size and shape of the channels, and the material being used. Each technique
has its own advantages and disadvantages. However, soft lithography is considered to be
one of the most popular and versatile methods for the fabrication of polymer-based LOC
devices for research purposes in food testing, as it is relatively simple, inexpensive, and
reproducible. However, thermoplastic polymers are mainly used by companies working
with microfluidics for commercial purposes due to the large-scale fabrication methods for
thermoplastics (i.e., injection molding) and the properties (i.e., transparency, rigidity) such
materials can offer.

Table 1. Materials and fabrication methods for polymer-based LOCs. The advantages and disadvan-
tages of each method are also provided.

Fabrication
Method Material Advantages Disadvantages Reference

Hot Embossing PMMA
COP

• Resolution of several tens to
hundreds of micrometers

• Different modes of heating
• (e.g., Far Infrared, ultrasonic)/
• Isothermal/non-isothermal

heating
• 2 types of operation
• (plate-to-plate, roll-to-roll)
• No cleanroom requirement
• Good repeatability

• Difficulty in demolding
• Significant residual
• thermal stress
• Master cost

[35,36,39–41]

Injection molding COC
PMMA

• Good repeatability
• Fast method
• Mass production
• High quality
• Process of 3D microfluidic chips
• No cleanroom requirement

• Incomplete filling
• Not always homogenous

melting.
• Mold cost

[46–48]
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Table 1. Cont.

Fabrication
Method Material Advantages Disadvantages Reference

Casting
(Soft lithography) PDMS

• Low cost
• Easy setup
• Large surface area patterning
• No cleanroom requirement

• Need for fabrication of a
master.

• Distortion of elastomeric
materials.

[51,52]

Micromachining
techniques

COP
PMMA
PS/PC

PET
PDMS

Biodegradable polymers

• Versatile
• Plethora of applications
• Flexible
• No cleanroom requirement

• High heat-affected zone
(HAZ) can affect the
properties of the material.

• Limited resolution
[53–58]

3D printing
Polylactic acid (PLA)

Acrylonitrile butadiene
styrene (ABS)

• No cleanroom requirement
• Low cost
• High accessibility
• Rapid production
• Multiphase printing

• Limited materials
• Post-processing
• Limited resolution

[62–65]

Lithography
techniques SU-8

• High resolution
• Flexible method
• Relative high cost of photoresists

• Need for cleanroom [68–70]

Plasma processing PMMA

• Functionality incorporation and
patterning

• Fast method
• High resolution

• Expensive equipment
• System dependency
• Limitations on sample size

[71–78]

2.6. Paper-Based Microfluidics

Microfluidic chips based on paper are called paper-based microfluidic analytic devices
(µPADs) and since their development in the early 21st century, they are considered a rapidly
growing field. They can be manufactured in 2D or 3D dimensions. For the fabrication
of µPADs techniques such as inkjet printing, wax printing, photolithography, plasma
treatment, laser treatment, etching, and 3D printing have been employed.

Historically, Whitesides’ group started the field of µPAD devices but the first fabrica-
tion of a paper device that includes a defined fluidic channel was investigated by Muller and
Clegg in 1949 [79]. The idea behind µPADs is to provide low-cost, disposable, simple-to-use,
analytical devices that are about to be used in low-resource settings, such as developing
countries, or for on-site analysis in which technical infrastructure or trained personnel
are limited or absent [80]. µPADs can be fabricated by either patterning a hydrophobic
barrier on the paper substrate [81–83] or shaping/cutting the paper to define the fluidic
channels [82,84–86]. In the next sections, we provide an overview of some widely used
fabrication techniques for paper-based microfluidics, while in Figure 6 some important
milestones in the use of paper-based kits are presented, starting with the invention of text
paper in the 17th century.
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2.6.1. Wax Printing

Wax printing is an easy-to-implement and inexpensive technique that can be utilized
even by researchers with a limited budget or no prior micro-fabrication experience [88].
Wax printing involves a two-step protocol: wax is printed on the paper surface, and then it
is melted to form hydrophobic barriers. The fabrication time of devices with this technique
can be less than 5 min (from design to finished prototype) [89]. To avoid the use of dedicated
wax printing on commercial printers and cartridges, researchers have used toner or laser
printers [90].

Asif et al. [91] investigated µPADS for the detection of Staphylococcus aureus (S. aureus)
and E. coli in milk samples. They printed an array of 7 mm diameter circles with a 0.5 mm
line thickness on paper using a wax printer. After that, it was impregnated with chro-
mogenic substrates, which react with bacterial enzymes, providing a clear color change that
was monitored by UV-vis spectrophotometric analysis. The detection limits for S. aureus
and E. coli were found to be 106 cfu/mL, but after enrichment of the milk samples in a
selective medium for 12 h detection of samples containing as low as 10 cfu/mL was possi-
ble. The devices were tested on a set of 640 milk samples collected from dairy animals in
Pakistan and demonstrated more than 90% sensitivity and 100% selectivity when compared
to PCR. In another application, Zhao et al. [92] used artificially contaminated beef samples
to test a wax-printed paper-based enzyme-linked immunosorbent assay (P-ELISA) with
two monoclonal antibodies against E. coli O157:H7 with a test time of 3 h and 5 µL of the
sample. With the use of the wax printer, 96-well plates were printed on paper and then
heated for the wax to melt and form the barriers. Six concentrations of bacteria, ranging
from 103–108 cfu/mL were used, and parallel experiments were conducted. This group
came to the conclusion that the P-ELISA method was faster, less costly, more sensitive, and
more specific than other methods such as C-ELISA and PCR. A schematic representation of
the wax printing procedure is presented in Figure 7.
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from Ref. [93].

2.6.2. Inkjet Printing

Inkjet printing is a simple and useful technology for the accurate and contactless
dispensing of picolitre-sized droplets of liquids (inks) onto a user-defined position on a
substrate [80]. In microfluidic channels, it has been used to deposit hydrophobic materials as
barriers; commonly used materials are polystyrene [85] (Figure 8), hydrophobic sol-gel [94],
silicone [95], and alkyl ketene dimer [96]. Inkjet printing is a highly adapted method for
material deposition, and several examples of its application exist in the literature [97–100].
One example in which inkjet printing was used is the work by Hossain et al. [101] for
the detection of food- and water-borne bacteria (E. coli O157:H7 and E. coli O104:H4).
Snyder et al. [102] reduced the analysis time for the detection of coliforms from 24 h to 6 h
with a paper-based device that performs cell lysing on-chip, at an initial E. coli concentration
of 1 cfu/mL after incubation. Without any incubation, the device could detect bacterial
concentrations as low as∼104 cfu/mL. The bacteria E. coli were detected via the presence
of the coliform-specific agent, β-galactosidase.
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be created on paper by printing hydrophobic PDMS, followed by introducing a 10-µL sample into the
channels. Reproduced with permission from Ref. [103] © 2023 Copyright American Chemical Society.

2.6.3. Optical Lithography

Optical lithography has been used to create high-resolution features for paper-based
devices with sizes down to 100 µm and hydrophobic barriers as small as 200 µm in
width. The photoresists that are used the most in photolithography are poly (o-nitrobenzyl
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methacrylate) (PoNBMA) [104], octadecyl trichlorosilane (OTS) [105], and SU-8, with which
Whitesides et al. [31] prepared and designed the first µPAD. However, photoresist is the
major cost in the photolithography process, with SU-8 being costly enough (e.g., SU-8 costs
1 $/g and PMMA 0.15 $/g [103]), so with that in mind, Whitesides replaced SU-8 with
cyclized poly (isoprene) derivative photoresist [106] and propanediol methyl ether acetate
(PGMEA).

Several examples of paper-based devices for the detection of foodborne pathogens exist
in the literature, mainly due to their simple and cheap fabrication process. Lin et al. [107]
designed a paper-based analytical device for the detection of E. coli, in both tap water and
seawater samples. For the fabrication of the device, the filter paper was immersed in a
mixed solution of water-based PUA (polyurethane acrylate), which is a photosensitive
resin, and a photoinitiator (HMPP- 2-hydroxy-2-methylpropiophenone). After absorption
and baking, UV photolithography was used to pattern the paper-based device. For the
detection of E. coli. 10 µL of bacteria lysate was dropped onto the colorimetric substrate, and
after 10 min the color intensity was measured with an in-house-made device that includes
an integrated cadmium column with a detection limit of 3.7 × 103 cfu/mL [108]. Bacteria
samples with concentrations ranging from 101 to 109 cfu/mL were investigated, and the
color change from yellow to red/violet was measured when the intracellular enzyme
β-galactosidase reacted with a chromogenic substrate, CPRG (chlorophenols). The intensity
of the color here depends linearly upon the concentration of E. coli. and corresponds to a
range of 104–109 cfu/mL. For tap water, the detection range was ~105–106 cfu/mL as well
as for seawater ~104–106 cfu/mL. Photolithography can be combined with other fabrication
techniques in order to produce the desired microfluidic chip. An interesting example of
such a combination is the work by Yu et al. [109], who used photolithography with UV
photosensitive inks on a piece of Parafilm to pattern the microchannels and wells and
then embossed the Parafilm on Whatman #1 filter paper in an oven, to transfer the layout.
A typical fabrication process flow is shown in Figure 9.

2.6.4. Screen Printing

Screen printing is a traditional printing technique that involves a customized mesh
that is used to selectively transfer ink or dye onto a substrate. Although screen printing can
be used to produce many devices, it requires a customized screen via photolithography
to transfer the pattern onto a substrate. Each screen, even though it is reusable, is usually
customized; therefore, screen printing is a time-consuming and costly process. Furthermore,
such devices’ feature sizes and spatial resolution are high, e.g., in the millimeter-scale
range. Rengaraj et al. [110] developed a device consisting of paper-based electrodes for
the impedimetric detection of bacteria in water. The sensing probe was fabricated by
screen printing three layers of conductive carbon-based ink onto a commercial hydrophobic
paper, and the electrode surface was modified with carboxyl groups before prevalent
immobilization of the lectin Concanavalin A (Con A), which was used as the biorecognition
element. The three-layer printing methodology was selected as the best choice between low
resistance (18 Ω/cm) and rapid printing. The final device consisted of a circular working
electrode with a 6 mm diameter and a geometric surface area of 0.286 cm2, printed on a
paper strip with a 4 cm length and 1 cm width to cross-link the cellulose fibers; after screen
printing the electrodes, the paper was submerged for 3 h in a solution of 6% w/v glyoxal
and then thermally treated. The bacterial detection limit obtained was 1.9 × 103 cfu/mL
and the dynamic range was 103–106 cfu/mL.
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Figure 9. Optical lithography is a high-quality technique with many applications. The basic process of
photolithography on paper-based microfluidics involves impregnating an entire sheet of paper with a
negative photoresist, then exposing it to UV light through a photomask to crosslink the photoresist in
the desired pattern and developing the paper in solvent to remove any unexposed resist. (a) Optical
lithography on paper for the fabrication of a paper based device and (b) Plasma processing, cut out
of the device and final modification steps on the paper based device. Reproduced with permission
from Ref. [31].

2.6.5. Laser Processing Technology

Among the physical fabrication processes, some are complex, such as inkjet etching,
and some offer low fabrication resolution, such as wax patterning. Laser processing is the
laser beam irradiation that removes or melts the material and changes the surface properties
of the object, by exploiting the laser’s high energy. In particular, in µPAD fabrication, the
laser is used to remove the hydrophilic areas and create a hydrophobic barrier. Mahmud
et al. [111] developed a fabrication technique for patterning compact and microscale features
with a laser cutting machine on chromatography paper backed with aluminum foil. In that
way, the µPADs that were manufactured can have small sample volumes, small chemical
reagent volumes, and a reduced packing cost. They created channel barriers with a width
of 39 ± 15 µm that were capable of restricting fluid flow across the barrier, thus generating
channels with a width of 128 ± 30 µm. In another study, Bagheri et al. [112] cut a Whatman
filter paper No.1 with a CO2 laser engraver to form a Y-sign design with 600 µm wide
channels and, in that way, shape hydrophobic barriers. To prevent defects from burning,
the paper was immersed in distilled water for 1 day after the cut. S. aureus was detected
in food samples of orange juice and milk with a colorimetric aptamer-based Au/Pt NCs
sensor at concentrations of 102–108 cfu/mL and with a detection limit of 80 cfu/mL. As the
laser-matter interaction is a complex phenomenon, laser processing applications require
accurate mathematical models to describe various processes that occurr during the laser
interaction with different materials, as with paper [113].

2.6.6. Plasma Processing

Plasma treatment is also used in paper-based microfluidics and aims to modify the
chemical and physical properties of a surface. Plasma is used to fabricate hydrophilic
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patterns on paper samples, as in the study of Li et al. [114] that used Whatman filter paper
as a substrate and hydrophobized it with the use of an alkyl ketene dimer (AKD) heptane
(0.6 g/L) solution. The plasma-treated areas were strongly wettable by water or other
aqueous solutions and allowed the transport of liquids along and within the plasma-treated
channels through capillary penetration. In order to test the device, they observed a color
change reaction for the evaluation of enzyme activity, so they came to the conclusion that
this fabrication method can have desirable results in creating a microfluidic chip that can
transfer and analyze samples. A usual problem with plasma treatment is the over-etching
effect, which has been observed many times. Over-etching happens because the particles
generated in vacuum plasma have long mean free paths, and this causes the treated pattern
to be slightly bigger than the mask. However, it can be controlled by controlling the
process parameters.

2.6.7. 3D Printing/Lamination Methods

3D printing involves the layer-by-layer printing of an integrated device that has
been designed using computer-aided design (CAD) software [115]. There are 3D printing
techniques that are used for industrial as well as commercial purposes, such as Stereolithog-
raphy (SLA) [116], Fused Deposition Method (FDM) [117], or the upcoming Electron Beam
Melting (EBM) [118], and Bioprinters [119,120]. In stereolithography, consecutive layers
of photocurable resin are laid, and a UV laser is used to cure the material. Fu et al. [121]
adopted digital light processing stereolithography (DLP-SLA) 3D printing technology to
fabricate 3D-µPADs, in which the interlayer bonding and alignment were automated and
not assembled manually as in stacking or folding methods. For the fabrication of the µPADs
print, files were made in advance, and the paper was immersed in the resin tank to be able
to automatically bond in the layer-by-layer procedure. Furthermore, the fluid flow was
triggered by an electric field or airflow, and a colorimetric assay was used to check the
flow controllability.

In laminate manufacturing, individual layers are fabricated and then joined together
in a stack to create the final microfluidic device. Different levels of channel structures are
created on multiple sheets of paper with the same shape and size, and then a double-sided
tape, a clip, or any other device is used to fix them into a whole paper chip. Stacking
two or more layers of patterned paper on top of each other creates a three-dimensional
microfluidic device in which fluids can move in all directions. The advantage of this type
of paper-based microfluidics is that the density of channels increases, so more complex
fluid handling processes can take place, contrary to the 2D schemes [122,123].

In Table 2, we summarize the main fabrication methods for paper-based microfluidics,
along with their strengths and weaknesses. Similarly, for polymer-based devices, the choice
of the method as well as the materials should be completed with respect to the requirements
of the devices in terms of resolution, productivity, and the applications envisioned. Some of
the most commonly used techniques in food testing are photolithography, wax printing, and
inkjet printing. Each technique aims to create hydrophobic physical barriers on hydrophilic
paper to passively transfer aqueous solutions. Again, we can find high-throughput methods
that are less accurate and others that are more accurate but are only suitable for small-
scale production or just prototyping. Photolithography, for example, is a high-precision
technique that can produce complex designs with high resolution, but it requires a clean
room, while wax printing is probably the cheapest technique, but it has limited resolution.
Inkjet printing is a versatile and low-cost technique that can print different types of liquids
and biomolecules directly onto paper, but it requires careful selection of the ink and paper
and can have poor reproducibility.
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Table 2. Materials and methods used for the fabrication of paper-based LOCs.

Fabrication Method Material Advantages Disadvantages Reference

Wax printing Wax

• Fast
• Low cost
• Mass production
• Simplicity

• Limited resolution [91,92]

Inkjet printing

PS/hydrophobic sol-gel
(MTMS)/Silicon/Alkyl ketene

dimer/Polyacrylate/TiO2
nanoparticles in polyurethane

• Low cost
• Mass production
• Easy operation
• Direct printing

• Limited resolution [94–96,101,102]

Photolithography

Poly (o-nitrobenzyl
methacrylate) (PoNBMA)/
Octadecyl trichlorosilane

(OTS)/SU-8/PMMA/cyclized
poly (isoprene)

derivative photoresist/
Propanediol methyl

ether acetate
(PGMEA)/Polyurethane acrylate

• High resolution
• Good stability
• Flexibility

• High cost of
photoresists

• Equipment
• High number of steps

[31,102,105–108]

Screen printing

Conductive
carbon-based ink

Biodegradable
polymers

• Versatility
• Compatible with a

variety of inks

• High number of steps
• Time-consuming
• High cost

[110]

Laser processing Directly on paper
• Versatility
• High accuracy

• Paper damaging
• Expensive equipment [111,112]

Plasma processing Alkylketene dimer
• Reproducibility
• Flexibility
• Good resolution

• Expensive equipment [114]

3D printing/
Lamination methods Resin

• Low cost
• Fabrication of complex

structures

• Limited resolution
• Not suitable for mass

production
[109,115,116,118–121]

As mentioned above, the paper used in paper-based LOC devices is typically a type
of cellulose-based paper that has been modified to have specific properties. In particular,
the paper should have a high wicking rate, which means that it can quickly and uniformly
distribute liquid, and a low autofluorescence, which minimizes background signal in
detection methods such as fluorescence. The choice of paper can also depend on other
factors, such as cost, availability, and compatibility with other components of the LOC
device. For example, some applications may require a paper that is chemically resistant,
mechanically robust, or has specific surface properties for cell adhesion or capture. Overall,
the choice of paper material will depend on the specific requirements of the application
and the type of fabrication method being used.

3. Microfluidics and LOCs in Food Safety Applications

Food and water are crucial domains that necessitate the development of innovative
diagnostic tools since the prevalence of food-related disorders and poisoning outbreaks
increases globally [124]. Standard microbiological techniques (i.e., plate culturing) require
several days for the final results [125]. This lengthy lag between sample collection and
analysis hinders prompt measures to prevent outbreaks. According to Regulation (EC) No
178/2002 of the European Parliament and the Council laying down the general principles
and conditions for food-related laws, water is considered “food.” Infections transmitted by
food and water are typically caused by bacteria [126] in raw foods, and their presence, even
in minute quantities, can cause diseases. For the reason that agricultural, breeding, and,
in general, food production methods have changed to accommodate the ever-increasing
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global population, food quality is deteriorating. Pesticides [127], heavy metals [128], and
pathogenic bacteria [129] have been detected in various stages, from production through
processing, storage, and eventually consumption. Therefore, the products must be subjected
to rapid quality control. Considering this, the demand for LOC devices that can conduct
tests quickly and with a small number of required samples is crucial.

Biosensors play a key role in the development of LOC devices since they can identify
biological elements, such as microorganisms, cells, tissues, and enzymes, and translate
them into different signals (e.g., optical, electrical, or acoustic) [130]. For the majority of
tests performed with LOC devices, no pretreatment steps are required because the sample
is processed on the microchip, where operations such as amplification of the DNA and cell
lysis occur [131]. The basic components of a biosensor are shown in Figure 10.
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Figure 10. This figure depicts the three components that comprise a biosensor. First, the analyzer
identifies biological elements (i.e., cells), the bioreceptor, which is responsible for binding target ana-
lytes, and the transducer, which converts current energy into other forms. This biosensor is positioned
on top of a graphite substrate. Although different stable, transparent, stretchable, biocompatible, and
transportable materials can be used in place of graphite as a biosensor’s substrate. Reproduced with
permission from Ref. [132] (CC by 4.0).

Several examples of pathogenic microorganism detection in food via microfluidic
devices will be provided in the following section. As far as water is concerned, one of the
most dangerous bacteria in water that poses a risk to human health is the Legionella bac-
terium. Legionella, whose most dangerous strain is Legionella pneumophila, is an aerobic,
gram-negative, and non-spore-forming bacterium responsible for causing Legionnaires
disease, a severe form of pneumonia-lung inflammation [133]. According to the CDC, the
infection of at least one out of 10 people by the Legionella bacterium can be fatal. Legionella
is transmitted through the inhalation of water droplets, which contain concentrated bacte-
ria [134]. The presence of Legionella is associated with systems containing large amounts
of water, such as tanks, air conditioning structures, and fountains [135]. The World Health
Organization (WHO) has classified Legionella as the water-borne illness with the greatest
impact on human health in the European Union, and many outbreaks are recorded annually
around the world.

To date, LOC devices and microfluidics for legionella detection have been presented.
For example, Saad et al. [136] specifically designed a Surface Plasmon Resonance imaging
(SPRi) titration assay for the detection of Legionella pneumophila cells with the use of an
R10C5 aptamer. Aptamers, which are comprised of single-stranded DNA or RNA and
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function similarly to antibodies, offer superior stability and affordability in comparison to
antibodies. The targeted cells were quantified by measuring the unattached cells hybridized
onto the surface of the SPRi. For the fabrication of SPRi, Cr- and Au-coated glass slides
were utilized. This technique achieved a LOD of 104 cells/mL without the need for
amplification. Another study that relies on the fabrication of a biosensor for the detection of
Legionella pneumophila sg1 cells in artificial water samples is the work by Laribi et al. [137],
who fabricated an electrochemical immunosensor with a gold surface that was modified
by the addition of 16-amino-1-hexadecanthiol (16-AHT) for the immobilization of anti-
Legionella pneumophila antibodies and, consequently, the capture of the targeted cells
via immunological reactions. The targeted cells were quantified using electrochemical
measurements and imaging, and the LOD attained was 10 cfu/mL. Another study examines
a microchip for the measurement of L. pneumophila serogroup 1 in water towers. To
identify the targeted cells, a fluorescent antibody was utilized. The method achieved
a LOD of 104 cells/mL. The results were more sensitive when the water sample was
processed through filtration, where the attained LOD was altered from 101 − 103 cells/mL.
The microchip was fabricated using a combination of PDMS and glass and the replica
molding technique. In another study, scientists detected L. pneumophila cells in water by
constructing a surface acoustic wavelength (SAW) immuno-biosensor that uses acoustic
waves to penetrate the surface of an elastic material [138,139]. The water sample was
enriched with both gram-positive and gram-negative bacteria, as well as anti-legionella
antibodies for the specific identification of the targeted cells. The LOD that this device
achieved was 2.01 ∗ 106 cfu/mL and the microchamber was fabricated using PDMS [140].

In addition to Legionella, other pathogenic bacteria (such as E. coli) can cause severe
health problems if they are present in drinking water. To secure water safety, there have
been several recent reviews outlining the ongoing research. According to the review paper
of Jaywant et al. [141] the development of various microfluidic devices for the detection of
bacteria has a significant role in the issue of water safety. E. coli, a very important bacterium
for the insurance of the water’s quality, can be detected by a plethora of methods that
use voltammetry [142], positive Di electrophoresis [143], amperometry [144], integrated
electrodes [145], or the Coulter principle [146], via which the changes in electrical resistance
are detected and measured. In summary, the vast majority of the materials used for the
detection of E. coli were mainly glass, PDMS, and silicon, while a paper-based device
has also been used. The lowest detection limit of 10 cfu/mL was achieved by the use of
integrated electrodes on a modified silicon sensor chip [145].

Except for Legionella and E. coli, S. aureus, Salmonella Typhimurium, and Enterococci
are also extremely dangerous bacteria, and methods to detect them accurately in the point of
interest have to be developed. Fluorescence [147,148], light scattering [149], and PCR [150]
are the most popular detection methods for bacteria detection from real water samples,
which originated mainly from sources such as rivers, fields, lakes, seas, or commonly
drinking water. The best results were attained by PCR [150] on a PMMA microchip, where
the LOD was equal to 6 cfu/mL. For the detection of E. coli cells, another research study
created a paper-based microfluidic chip. This microchip consisted of three microchannels to
detect E. coli in different concentrations. One out of the three microchannels was pre-loaded
with bovine albumin serum (BSA) to conduct the negative control, while the other two
microchannels contained E. coli antigens adhered with microbeads. The quantification
of the targeted cells was carried out by the Mie Scattering method and screen imaging
via an app on a smartphone. The method was extremely sensitive, as it achieved a LOD
of just a single cell in a duration of 90 s [149,151]. In another study, a microfluidic chip
made of paper was used to identify E. coli cells in drinking water. The detection of the
targeted cells was aided by bacteriophages engineered genetically. The microchip was
manufactured using two injection-molded polycarbonate enclosers. The E. coli sample was
filtered through a polyvinylidene difluoride (PVDF) membrane. During a period of 5.5 h,
the microchip detected 4.1 cfu in 100 mL [152].
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Considering the current status of water quality control, we can conclude that a plethora
of biosensors is used, yet more devices and approaches are important to be developed
because the legislation for safe water intended for human consumption (i.e., in Europe,
there is a new Directive (EU) 2020/2184 of the European Parliament and of the Council
of 16 December 2020 on the quality of water intended for human consumption) is continu-
ously updated, posing more analyses, including risk analysis, in which microfluidic devices
are the perfect candidates for on-site screening tests. In this direction, approaches towards
the development of an autonomous analysis micro-device are extremely important [153].

3.1. Microfluidics for the Detection of Foodborne Pathogens

Food safety is an area of high interest, and the use of microfluidic devices in this
field is highly recommended in order to address foodborne illnesses, which can put at risk
public health and have a severe impact on the economy [154]. Food safety concerns both
developing and developed nations, such as the United States, where many cases, mostly
caused by the pathogenic bacteria of Salmonella, Listeria, and Shiga toxin-producing E. coli
(STEC), have been reported from 2009 to 2015. It is estimated that around 800 outbreaks are
recorded annually in the United States, with most of them being caused by the consumption
of specific food sources (i.e., chicken, pork, and vegetables) [155]. The CDC, a science-based,
data-driven organization of the United States, has recorded outbreaks categorized by year
of incident, microbes, and contaminated food. From the recorded cases, it appears that
from 2020 to 2022, the recent foodborne diseases have been caused by several sub-species
of Salmonella (i.e., Salmonella enteritis, Salmonella Typhimurium), Listeria monocytogenes
and E. coli (E. coli O157:H7, E. coli O121, E. coli O103).

Enzyme-linked immunosorbent methods (ELISA), polymerase chain reaction (PCR),
and typical culturing methods are the three most frequently employed techniques to detect
foodborne pathogens. Even though these procedures are considered highly accurate, in
their bench-top mode they are time-consuming and require trained staff and centralized
laboratories [156]. We have previously highlighted the advantages of microfluidics and
LOCs. It is therefore evident that LOC devices can ensure the quality and safety of food on
both an industrial and residential scale. In the following sections, we will discuss recent
advances in the use of LOC devices for the detection of E. coli, Salmonella, Campylobacter
jejuni, Listeria monocytogenes, and S. aureus, which are considered the most important
pathogenic bacteria in food science.

3.1.1. Escherichia coli Detection

E. coli is a gram-negative, rob-shaped bacterium found in the intestinal system. E. coli
exists in numerous forms, most of which are safe. However, some forms, such as the Shiga
toxin E. coli (STEC), are harmful and can cause foodborne illness. Shiga toxin E. coli, whose
most important serotype is E. coli O157:H7 is related to the uremic syndrome that causes
kidney failure and neurological problems. The most common food sources where STEC is
present, are raw minced meat, milk, and vegetables that have been contaminated by feces.
Strict legislation has been established, setting the concentration of E. coli O157:H7 to 0 per
25 gr, in food and water, respectively [157].

Biosensors, micro-PCR, ELISA, and Lateral flow assays (LFAs) are the most extensively
utilized detection methods at the current time. Immunoassay assays are based on the basic
antibody-antigen response, which is used to detect specific microorganisms. Enzyme-
linked immunosorbent assay (ELISA), Fluoro-immunoassay (FIA), Chemi-luminescence
immunoassay (CLIA), and Radioimmunoassay are the fundamental types of labeled im-
munoassays (RIA) [158,159]. To measure analyte concentrations, these approaches are
linked with MEM biosensors, which are also constructed by employing micro- technologies,
and comprise a biological component coupled to a physiochemical transducer that creates
signals (optical, magnetic, acoustic, electrochemical, or mechanical in nature [160,161])
proportional to the analyte concentration.
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Studies related to the development of LOC devices for E. coli detection are presented
in this section. Our first example refers to a LOC device used for the detection of E. coli
O157:H7 in food or clinical samples based on immunoassay reactions. The micro-device
integrates a 3D network of microchannels with a micro-biosensor, that measures magnetic
changes. The biosensor was coated with Silicon nitride due to its capability of immobilizing
antibodies. E. coli O157:H7 was detected in quantities of 105 cfu/mL, while non-pathogenic
E. coli was detected in 107 units/mL [162]. Another MEMS biosensor was created to detect
E. coli O157:H7 at extremely low concentrations. The biosensor was constructed on a glass
substrate and consisted of sensing and focusing regions with distinct functions. The sensing
region is responsible for immobilizing bacteria through the specific antibodies that were
immobilized. The biosensor demonstrated a lower detection limit (LOD) of 39 cfu/mL
within 2 h [163].

A SERS-based microfluidic immunosensor was developed for the detection of E. coli
O157:H7 in romaine lettuce. For the microchip fabrication, PDMS using soft lithography
was employed. For the detection of E. coli cells, enrichment and a separate procedure
for the targeted cells from the rest of the sample must be conducted. SERS nanoprobes,
made of gold particles (AuNPs), and antibodies were used to separate the E. coli cells.
After 60 min of enrichment, this study detected 0.5 cfu/mL [164]. Another biosensor using
gold nanoparticles (AuNPs) was constructed to detect E. coli O157:H7 in chicken samples
through a color change from blue to red. At high concentrations (5 × 108 cfu/mL), the color
change can be observed with the naked eye, while at lower concentrations, a smartphone
imaging application was utilized. The microchip consisted of mixing channels, a separation,
and a detecting chamber. In the separation chamber, the MNPs-bacteria-PSs structure is
separated, while the detection chamber controls the AuNPs’ color change. The microchip
was made from PDMS and glass and was modified by surface plasma treatment and 3D
printing. The color change occurs when magnetic nanoparticles (MNPs) and polystyrene
microspheres (PSs) bind to the target bacterium. This study detected 50 cfu/mL per hour.
For improved results, passive micromixers or smaller ones were utilized instead of active
micromixers [165].

Prior, we mentioned a SAW immuno-biosensor for the detection of L. pneumophila cells
in water. Surface acoustic wavelengths are transducers interspersed with the biosensors,
aiming to detect enzymes in liquid samples, a task considered to be time-consuming and
costly. SAW biosensors can be utilized for the detection of various components (i.e., cells,
viruses, proteins, bacteria, and enzymes). In such an example, Tsougeni et al. [166] studied
the label-free detection of 1 to 5 cells for multiple bacteria strains (i.e., Salmonella, B. Cereus,
Listeria, and E. coli) on a LOC using 25 mL milk samples, taking into consideration the active
legislation regarding food safety. The proposed LOC device was able to perform all sample
handling steps (bacteria capture, bacteria lysis, bacteria DNA amplification, and detection
using SAW sensors) on the chip. The microchip was constructed of polymeric materials,
and the microchannels were patterned using plasma etching. The analysis duration was
4.5 h, which is almost five times faster than other conventional methods.

Another commonly used method for the detection of pathogenic microorganisms is
polymerase chain reaction (PCR), which is an enzymatic assay that helps in the detection
and amplification of specific regions of DNA. Recently, PCR was adapted to LOCs in a
scheme termed “micro-PCR” [167]. For instance, a polycarbonate microchip was fabricated
for the apprehension of E. coli O157:H7 cells using the carving technique to design the
microchannels. Overall, the microsystem consisted of three microchannels conducting tests
simultaneously. In addition, a Quan PLEX platform was used for temperature control,
and the amplification of the extracted DNA and fluorescence detection were also utilized.
The sample was pre-processed to extract the DNA of E. coli O157:H7 and import it into
the microchip. As a result, a sample with a low detection limit of 1.2 × 10−1 cfu/mL was
detected from a large volume of bacteria sample [168].

The printed circuit board (PCB) technology enables the integration of electrodes
and, in general, electrical components into microfluidic platforms to achieve a higher
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degree of integration and simplified fabrication and operation. The manufacturing of PCB-
based microfluidic devices is similar to the commonly used fabrication techniques, with
the difference that the microchannels are designed in existing layers on the PCB [169]. A
representative example of this case is a paper that fabricated a RPA- PCB microfluidic device
for the DNA amplification of two E. coli fragments. PRA is an isothermal DNA amplification
technique that is used instead of PCR. In this work, the microchannels were fabricated
using photolithography of dry photosensitive film layers. The main advantage of this
technique is associated with energy savings since it only required 0.6 W to work, while the
analysis results were comparable with those of a PCR completed using a thermocycler [170]
(Figure 11(I)).

It is therefore clear that less complex DNA amplification schemes (i.e., RPA or LAMP,
which are isothermal DNA amplification schemes) are used in combination with LOCs.

In another example, estimation of the number of viable target cells is performed with
the detection of adenosine triphosphate (ATP). A microfluidic platform was constructed
to detect E. coli O157:H7 with the combination of the ATP method and the use of immune
microspheres for the quantification and, respectively, the detection of bacteria in samples.
ATP interacts with luciferin in the presence of a catalyst to produce light energy. The chip
consisted of microchannels, which contained aptamers, dendrimers, and micro-barriers in
a V-shaped. PDMS and glass were employed for the microchannel’s fabrication, using the
soft lithography technique. The results were positive for the detection of E. coli bacteria
with a LOD of 4.91 × 10 cfu/ µL for a 1 µL of the sample, and the analysis duration was
1.30 h [171]. Another study exploited the P-ELISA method in a paper-based microfluidic
analytical device (µPADs) for the detection of various strains of E. coli in beef samples.
Specifically, hydrophobic barriers made by wax printing in 96 well plates were created
to carry out the P-ELISA detection method. For P-ELISA’s performance, two monoclonal
antibodies were used, each responsible for a different function (capturing and detection).
For the detection, 5 µL of meat sample inoculated with 5 different concentrations of E. coli
O157:H7 were used. The total operating time was approximately 3 h, and the detection
limit was 104 cfu/mL when the conventional ELISA had LOD equal to 105 cfu/mL [92]. A
microfluidic platform using PDMS and Soft-Lithography, in combination with a dual RCA,
was fabricated to enhance the detection, capture, and targeting of E. coli O157:H7 cells in
food samples. In this case, orange juice and milk were tested. Dual-RCA results from the
merger of s-RCA and c-RCA. RCA is an enhancement technique that modifies surfaces
by the addition of aptamers, producing long parts that are composed of DNA sequences
and can bind with a multitude of probes, enhancing the detection signals. Dendrimers
were also utilized for the modification of the microchannel’s surface as they bond with the
aptamers for cell capturing. The dual-RCA can enhance the signals by about 250 times,
while the capturing of the targeted cells is increased almost by 3 times. This technique
achieved a LOD of 80 cells/mL (Figure 11(II)) [172].

3.1.2. Salmonella Strains Detection

Salmonella is another bacterium that can cause serious illness, which is Salmonellosis.
It is caused by numerous strains of Salmonella, a disease that can be transmitted directly
or indirectly between humans and animals and results in severe health symptoms and
substantial economic losses [173] Salmonellosis may result from contact with an infected
carrier or consumption of food or water containing several germs. Raw meat, especially
poultry, and eggs, which require special care, are the most common causes of Salmonellosis.
To address the detection of three serotypes of Salmonella in chicken products, a MEMS
biosensor with three distinct microchannels, each for a different serotype, was fabricated.
For the microchannel’s fabrication, SU-8 materials were used, while two PDMS plates
sealed the microchannel, which was finally placed on a glass slide. Every microchannel
consists of a focusing area, responsible for guiding the target cells, and a bacteria-sensing
area where immobilized antibody-coated electrode arrays are located. The target cells are
guided by polystyrene microbeads. To determine the presence of bacterial cells, the change
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in electrical resistance is measured before and after their injection. It is worth noticing that
no pre-enrichment step was required for cell detection, and finally, the study achieved a
LOD of 7 cfu/mL [174].
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times, while the capturing of the targeted cells is increased almost by 3 times. This tech-
nique achieved a LOD of 80 cells/mL (Figure 11(II)) [172]. 

 
(I) 

Micromachines 2023, 14, 986 22 of 47 
 

 

 
(II) 

Figure 11. (I) (a) Image of the LOC on PCB and (b) schematic representation of the portable system 
comprising the LOC, the temperature control unit, and the software for the analysis. Reproduced 
from Ref. [170] with permission from MDPI Micromachines (CC by 4.0) (II) (A) Image shows the 
size of a microchip compared to a coin and (B) depicts how target cells are captured by aptamers 
with immune responses Reproduced from Ref. [172] with permission from Elsevier. 

3.1.2. Salmonella Strains Detection 
Salmonella is another bacterium that can cause serious illness, which is Salmonellosis. 

It is caused by numerous strains of Salmonella, a disease that can be transmitted directly 
or indirectly between humans and animals and results in severe health symptoms and 
substantial economic losses [173] Salmonellosis may result from contact with an infected 
carrier or consumption of food or water containing several germs. Raw meat, especially 
poultry, and eggs, which require special care, are the most common causes of Salmonel-
losis. To address the detection of three serotypes of Salmonella in chicken products, a 
MEMS biosensor with three distinct microchannels, each for a different serotype, was fab-
ricated. For the microchannel’s fabrication, SU-8 materials were used, while two PDMS 
plates sealed the microchannel, which was finally placed on a glass slide. Every micro-
channel consists of a focusing area, responsible for guiding the target cells, and a bacteria-
sensing area where immobilized antibody-coated electrode arrays are located. The target 
cells are guided by polystyrene microbeads. To determine the presence of bacterial cells, 
the change in electrical resistance is measured before and after their injection. It is worth 
noticing that no pre-enrichment step was required for cell detection, and finally, the study 
achieved a LOD of 7 cfu/mL [174]. 

Another study with a biosensor for the detection of Salmonella Typhimurium cells 
used modified magnetic nanoparticles (MNPs), polystyrene microspheres (PSs), and cat-
alases to separate and enrich the target bacteria from the rest of the sample and transform 
them into enzymatic bacteria. The bacteria capture was conducted via magnetic forces, 
while the usage of hydrogen peroxide for washing the PS spheres contributes to an oxygen 
gap, responsible for cutting off the electrical signal. In this way, the change in the electrical 
voltage corresponds to the cell’s detection. The microchip was fabricated from PDMS, 

Figure 11. (I) (a) Image of the LOC on PCB and (b) schematic representation of the portable system
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of a microchip compared to a coin and (B) depicts how target cells are captured by aptamers with
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Another study with a biosensor for the detection of Salmonella Typhimurium cells used
modified magnetic nanoparticles (MNPs), polystyrene microspheres (PSs), and catalases
to separate and enrich the target bacteria from the rest of the sample and transform them
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into enzymatic bacteria. The bacteria capture was conducted via magnetic forces, while
the usage of hydrogen peroxide for washing the PS spheres contributes to an oxygen gap,
responsible for cutting off the electrical signal. In this way, the change in the electrical
voltage corresponds to the cell’s detection. The microchip was fabricated from PDMS, glass,
and acrylonitrile Butadiene Styrene (ABS) using the 3D printing technique. They reported
a LOD of 33 cfu/mL for a duration of 2 h [175].

Furthermore, in another work, for the detection of two Salmonella serotypes, B and
D, in ready-to-eat turkey samples, a biosensor that measured impedance changes was
fabricated. The SU-8 biosensor consisted of two detection areas, each having a gold-micro
gaped-interdigitated- electrode array. Antibodies of each Salmonella serotype were modified
with a cross-linker agent to increase the biosensor’s sensitivity to 45–60%. After creating an
interface between electrodes and modified antibodies, the sample’s target cells are bound
to specific antigens and trapped in the detecting area. The capturing of targeted bacteria
changes the impedance, which is measured by an impedance analyzer. This biosensor
achieved high sensitivity by separating dead target and E. coli cells, and the LOD reached
300 cells/mL in 1 h [176].

A silicone microdevice combined with a nano biosensor that relies on the immune
response and the production of fluorescent signals to detect Salmonella Typhimurium
pathogenic cells in the chicken extract has also been proposed. The employed fabrication
techniques were photolithography and plasma treatment. Before the sample is injected,
Salmonella-antibody-coated magnetic beads are mixed with the sample to detach the target
cells. The resulting fluorescent signals are then detected by a fluorometer and are then
transmitted to a computer. In summary, the LOD was determined to be 103 cfu/mL in both
samples [177].

Immuno-magnetic nanoparticles (MNPs) and fluorescent microspheres (FMSs) were
incorporated into a microchip for the detection of Salmonella Typhimurium cells in apple
juice. For the creation of the microchannel’s mold, SU-8 photoresist and photolithography
were initially utilized. The microdevice was fabricated from PDMS and placed on a
glass plate. Additionally, surface oxygen plasma was used to improve the adhesion
and bonding of the device. A cylindrical filter was employed to disperse the bacteria,
and magnetic nanoparticles modified with Salmonella monoclonal antibodies were used
to separate the target cells from the non-targeted cells (Listeria monocytogenes, E. coli
O157:H7, and Vibrio parahaemolyticus). Bacteria were marked with immunofluorescent
microspheres, and the flow of bacteria was recorded using a camera. In a period of
two hours, 58 cfu/mL were detected. The study also mentions the relationship between
thresholds and fluorescent spots. The optimal Salmonella concentrations were between
1.40 × 101 cfu/mL and 1.40 × 10−6 cfu/mL, with a cutoff between 10 and 30 cfu/mL [178].

Another method in which fluorescence is used for the quantification of targeted
cells is also reported. In particular, a Lab on a Disc device with several microchannels
and microchambers was created to detect Salmonella enterica cells in egg yolk samples.
The microchannels and microchambers were created through the methods of deep-deep
reactive ion etching and photolithography. Each of the 24 microchannels on the micro-disc
has approximately 300 microchambers. The microchannels directed the sample into the
microchambers, where the egg yolk sample was lysed by heat treatment and amplified by
PCR with the addition of the invA gene. During the amplification procedure, the number
of target cells was quantified using a fluorescent agent. The approach had a significant
flaw in that it could not distinguish between viable and nonviable cells. To bind and
separate the living cells, they introduced microbeads with anti-Salmonella antibodies. This
operation occurs prior to the injection of the sample. Their reported detection limit was
5 × 104 cells /mL (Figure 12) [179].
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Figure 12. (A) Schematic illustration of the microfluidic disc, consisting of 24 inlets and outlets
respectively, in order to conduct tests simultaneously. The inlet allows the fluid to enter and cross
the microchannels, which form zig-zag structures. (B) The second image focuses on a part of the
microchip, where the microchannels are crisscrossing, forming a larger zigzag. (C) The third image
focuses on a microchannel’s part, that consists of multiple and in-a-row microchambers, in which
targeted cells are trapped by the centrifugal force. (D) The dimensions of a microchamber, into which
there are shaped cavities as well as the width of the microchannel, which corresponds to 100 µm are
depicted. Reproduced from Ref. [179] with permission from MDPI Micromachines (CC by 4.0).

The color change via immunological reaction can operate as an indicator for the
presence or absence of a microorganism as well as for its quantification. An immune
reaction integrated into a paper-based analytical device (µPAD) for the identification of
Salmonella typhimurium cells in a culture solution, a sample of bird feces, and a sample of
whole milk without pre-enrichment will be presented now. Two paper-based analytical
devices with diverse patterns were produced utilizing Whatman No. 4 filter paper and the
wax printing method. Salmonella antibody-coated magnetic beads bind to the target cells
and separate them from the remainder of the sample. Attached to the previous structure
(target cell-antibody magnetic beads) is an anti-Salmonella antibody with biotin and the
-galactosidase enzyme, which reacts with chlorophenol red—D-galactopyranoside (CPRG)
to produce a red color associated with the presence of target cells and used to quantify
them. After 90 min, 100 cells per milliliter were found in the solution, 105 cfu/gr in the bird
feces, and 103 cfu/mL in the whole milk [180].

An innovative method used for the quantification of immune agglutination is Mie
scattering, which is based on the refraction of the electromagnetic wave by a homogeneous
sphere with a refractive index different from the medium through which it passes. To
examine the presence of Salmonella Typhimurium cells in a poultry package, a microchip
was constructed, consisting of an inlet and two microchannels. The first contained the
antibodies, while the second was loaded with Bovine Albumin serum (BSA), which was
used as a probe. The sample and the microparticles were vacuum dried to reduce excessive
moisture. Immunologically, anti-Salmonella antibodies were bonded with the target cells
in the microchannels, producing Mie scatter signals. The achieved LOD was 10 cfu/mL
for a duration of 10 min. It is worth noticing that the sample was attained without any
pre-processing steps from the package to simulate more realistic conditions (no sterile
environment) [181]. Two paper-based microchips (one with multiple microchannels and
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the other with a single microchannel) were fabricated for the detection and quantification
of Salmonella Typhimurium cells, immunologically and through the Mie scattering method,
using a smartphone application that analyzes the captured image via an algorithm. The
microchannels were made on cellulose chromatographic paper using a SU-8 negative
photoresist, and one target cell was detected in a minute. Due to paper inhomogeneity,
wavelength-dependent optical methods may not provide accurate results, unlike the angle-
dependent Mie scattering method. In the microchannels, latex microspheres coated with
Salmonella antibodies are responsible for the reaction and binding with the corresponding
cells [182].

Lastly, a polymeric microfluidic device was constructed using the injection molding
technique, consisting of 8 microchambers for the amplification and detection of Salmonella
cells in food samples. The DNA amplification is assisted by the Loop-mediated isothermal
amplification (LAMP), which is carried out in a single microchamber where the isola-
tion and bacteria detection are also conducted. The 8 microchambers can conduct tests
simultaneously, with a LOD of 55 cells/test and a duration of 40 min [183].

3.1.3. Listeria Monocytogenes Detection

Listeria monocytogenes is a gram-positive bacterium capable of transmission to hu-
mans through food sources. The resulting listeriosis is a very serious infection that primarily
affects newborns or fetuses during pregnancy [184,185]. Listeria monocytogenes can grow
on a variety of substrates (decomposed plant matter, animals, moist environments, etc.) and
can withstand preventative measures such as refrigeration. Recorded cases of listeriosis in
America have been associated with the consumption of raw fruits and vegetables, meat,
and raw/unpasteurized dairy products (i.e., cheese, milk, and ice cream) [186,187].

A significant amount of research has been devoted to the detection of L. monocytogenes
in food or bacterial samples. First, a presentation of studies that utilized PCR as a detection
method will be presented. More specifically, we will refer to a study that utilized a duplex
droplet PCR (ddPCR) for the simultaneous detection of E. coli and L. monocytogenes cells.
The simultaneous function and detection of the two pathogens are conducted by the
creation of two different fluorescent probes. The proposed LOC integrates procedures such
as droplet generation, amplification, and fluorescence, and it is fabricated with PDMS and a
glass plate using the soft lithography technique. It is worth mentioning that, to overcome a
serious drawback, the evaporation and crisscrossing of the droplet, a mineral oil-saturated
polydimethylsiloxane (OSP) is utilized and added into the microchannels as shown in
Figure 13(I). The microdevice was tested in various samples, including drinking water, in
which the attained LOD was 10 cfu/mL for both bacteria for a duration of 2 h [188].
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is depicted. The microdevice is composed of two inlets, one for the sample and the other for the 
Figure 13. (I) (A) A schematic representation of a microfluid platform placed upon a glass substrate is
depicted. The microdevice is composed of two inlets, one for the sample and the other for the mineral-
saturated polydimethylsiloxane oil. The addition of the oil has the purpose to prevent the evaporation and
crisscrossing of the droplet. Furthermore, in the center of the microdevice, there are the reaction chambers
where fluorescent probes, specially designed to bind with L. monocytogenes or E. coli are contained. (B) An
illustration of the microfluidic chamber, where the two bacteria have been trapped and detected. (C)The
detected bacteria have reacted with the fluorescent probes, producing color. The green color corresponds
to the positive test for E. coli identification, while the blue corresponds to L. monocytogenes. Reproduced
from Ref. [188] with permission from Elsevier B.V. Biosensors and Bioelectronics. (II) (A) From the above
diagram we conclude that the PDMS + APTES + ApoH structure has a better intensity in comparison with
the PDMS + APTES and the simple PDMS. In addition, we notice that from 600 to 3000 wavelength there is
a difference in intensity between the 3 structures, while from 3000 and up the difference is insignificant.
(B) An image of the sponge prior to the fluorescence (C) Picture of the fluorescent PDMS sponge (D) A
cross-sectional view of the PDMS sponge after bacterial capturing (E) PDMS sponge and its natural cavities
(F) Targeted bacteria trapped in the cavities of the sponge, that works correspondingly to the microchambers
(G) An up-close image of the bacteria on the sponge’s surface. Reproduced with permission from Ref. [189]
with permission from Elsevier B.V. Food control.
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Similarly to the aforementioned bacteria strains, the PCR method has also been em-
ployed for the detection of Listeria monocytogenes cells. An example of this case is the
silicone micro-device consisting of four injection nozzles, which was fabricated by the
combination of PDMS and SU-8 using the soft lithography technique and oxygen plasma.
The first two syringes are used for DNA purification in the micro-chamber, and the third
for DNA amplification using real-time PCR and fluorescent dye. PCR runs through thermal
cycles, after which wavelengths are generated and filtered to quantify fluorescence inten-
sity, which corresponds to the bacterial concentration. L. monocytogenes was detected at
104–107 cells within 45 min [190]. In another study, qPCR was utilized for the detection of
both positive (Listeria monocytogenes) and negative (Salmonella spp.) gram bacteria. A 3D
PDMS sponge, as shown in Figure 13(II), was constructed, within which the immunological
capture of the target bacteria, their lysis, and, as a result, their amplification via qPCR,
occured. The sponge was fabricated from salt crystals, and to be functional, it was treated
with oxygen plasma. On the sponge’s surface, ligands capable of binding both types of
bacteria are added. In addition, an ApoH protein proved to be more effective than the
anti-Listeria antibodies. The attained detection limit was between 103 for Salmonella spp.
and 104 cfu/mL for L. monocytogenes, while the effectiveness of the research was determined
to be 70% [189].

A microchip combined with an impedance immunosensor is presented for the de-
tection of L. monocytogenes bacteria. The materials used for the fabrication of the mi-
crochip were PDMS and glass. The capture of the targeted cells is conducted by magnetic
nanoparticles modified with antibodies, biotin, and streptavidin. After the injection of the
L. monocytogenes nanoparticles into the microchip, a change in the impedance is observed,
which is measured by an impedance analyzer with the interdigitated electrodes. It is worth
noticing that no pre-enrichment step or labeling was required. Furthermore, from this
research, 30 nm MNPs were utilized, which have better-capturing efficiency in comparison
with larger in-diameter magnetic nanoparticles. The immunosensor was tested for 3 differ-
ent samples (lettuce, milk, and ground beef), and the achieved LOD was 103 cfu/mL in a
duration of 3 h [191].

A paper-based biosensor [192] that detects 198 bp fragments was constructed, which
are generated by the application of thermal cycles during the amplification of PCR. The
hlyA gene is responsible for activating the enzyme listeriosin O, which is responsible for
causing listeriosis [193]. As NaIO4 adheres to the biosensor’s surface, it creates a binding
site for DNA segments to amplify them. The subsequent addition of NaCNBH3 aids in
structure stabilization. The structure reacts with HRP-SA to generate a chemiluminescent
(CL) signal that is collected and amplified. Prior to each amplification, a purification
process was conducted. The hydrophobic microchip was made of paper using the wax
screen printing method, and the attained LOD was 6.3 × 10−2 pmol/L.

A microchip consisting of both soft and hard thermoplastic components was created
by hot embossing for the detection and capture of L. monocytogenes cells. The authors used
immunological magnetic beads in a specially designed polymeric microchip. In particular,
the surface of the microchip is composed of 3D embossed thermoplastic cylinders coated
with soft ferromagnetic nickel. Consequently, once the target cells have bound to the
IMNPs, they traverse the specially designed surface and congregate around the pillars due
to the strong and alternating magnetic force. The release of cells and a sudden increase
in fluorescence intensity result from the deactivation of the magnetic field. The magnetic
microchip successfully detected 10 cells per 1 µL, in 1 µL of buffer and beef filtrate [194].

In another effort, PMMA was used for the development of a self-priming compart-
mentalization (SPC) microchip consisting of three rows and eight columns to visually
detect various types of pathogens, including L. monocytogenes. In this LOC, microvalves
and micropumps for controlling the flow of samples are unnecessary, as the procedure is
conducted under negative pressure. The microchip is made from a single plastic layer con-
taining microchannels and holes (inlets and outlets). After degassing, primers are loaded
into the microchip, and adhesive tape is used to seal it. For each pathogen type, primers
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and solution are injected into the microchannel for loop-mediated isothermal amplification
(LAMP). L. monocytogenes was detected at a concentration of 3.8 × 102 cfu/mL, along
with every other pathogen. This SPC microchip and the usage of the LAMP method are
considered to be a great solution for the testing of food samples, in which strict regulations
have been implemented, such as infant formula, where no pathogens must be detected
(Figure 14) [195].
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based on the change of color from purple to light blue. The lab on a disc achieved a LOD 
of 10 cells for every pathogenic bacterium, in a duration of fewer than 65 min [196]. The 
next work also uses loop-mediated amplification (LAMP), but here it is used in combina-
tion with an electrochemical sensor to detect L. monocytogenes cells. In particular, a gold 
concentric-3-electrode was fabricated, consisting of a working, a reference, and a counter 
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nique. The LAMP amplification and the specially designed primers could detect 12 sero-
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Figure 14. (A) In figure A the sites where EDTA has been loaded are depicted, resulting in a noticeable
change in the color after the reaction has occurred. The color change is depending on whether there is
a negative or positive control. (B) In the second figure, the primers were pre-loaded on the microchip,
for the capturing of the targeted cells, which causes a color change. In both images, the distance
between the outputs is indicated and corresponds to 10 µm. Reproduced from Ref. [195] with
permission from the Society of Chemical Industry.

The loop-mediated amplification (LAMP) technique has also been used for the de-
tection of E. coli O157:H7, Salmonella Typhimurium, Vibrio parahaemolyticus, and Listeria
monocytogenes on a centrifugal lab on a disc. The lab on a disc was made from PMMA
and incorporated many operations, including DNA amplification, extraction, purification,
and detection. The results of the DNA amplification were evaluated by a colorimetric test
based on the change of color from purple to light blue. The lab on a disc achieved a LOD
of 10 cells for every pathogenic bacterium, in a duration of fewer than 65 min [196]. The
next work also uses loop-mediated amplification (LAMP), but here it is used in combina-
tion with an electrochemical sensor to detect L. monocytogenes cells. In particular, a gold
concentric-3-electrode was fabricated, consisting of a working, a reference, and a counter
electrode. The biosensor and the microchip were fabricated using the 3D printing technique.
The LAMP amplification and the specially designed primers could detect 12 serotypes
of L. monocytogenes. As an electrochemical transducer, the methylene blue redox-active
molecule was utilized to specifically distinguish the positive from the negative tests. The
attained LOD was 1.25 pg DNA per reaction. The electrochemical biosensor was tested in
three food samples: dairy milk, fresh cheese, and smoked salmon [197].

The majority of developed microdevices have low throughputs, which results in
longer processing times for a few milliliters of samples to detect the target bacterium. To
address this fact, a study processed, separated, and concentrated samples of Salmonella
Typhimurium, S. aureus, and Listeria monocytogenes at a high sample flow rate. To do
so, they used a microdevice based on magnetophoresis that consists of a magnet and a
tube surrounding it. The innovation is that the tube can be replaced with tubes of varying
lengths, allowing processing at high flow rates. The microdevice’s tube was manufactured
from polyethylene, while the microchannels were created using PDMS and soft lithography.
The proposed device was evaluated on two food samples, milk and homogenized cabbage,
with the separation and concentration efficiency exceeding 92% and the flow rate above
40%, demonstrating that this device has a better throughput than other devices. Although
it is important to note that high flow rates reduce the device’s performance because they
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create an unsteady flow. To minimize the related vortex, both the tube’s diameter and the
microchannel’s shape could be modified [198].

3.1.4. Staphylococcus aureus Detection

Staphylococcus aureus is a gram-positive, spherical bacterium that inhabits the skin
and nasal cavity of humans. Its presence in the human body may not cause symptoms;
however, food can be contaminated by human carriers who handle it. The contamination
of food with staphylococcus promotes its growth and the production of toxins, which affect
the food’s organoleptic qualities, causing external spoilage and a foul odor. Staphylococcus
is susceptible to heat treatment, whereas the produced toxins are not [199,200]. Numerous
studies have been undertaken for the identification of S. aureus as well as the assurance
of food quality and consumer safety. This section will discuss advances using biosensors
and LOCs.

A paper microchip in combination with a biosensor that is based on bimetallic nan-
oclusters Au/Pt, with peroxidase properties, aiming to identify whole Staphylococcus aureus
cells, has been proposed. In this case, NCs act as natural enzymes, and reactions with
catalysts cause a change in color. Here, TMB and H2O2 were the catalysts used. The
observation of blue color is evidence of the existence of bacteria and is observed by the
naked eye but also measured from the change in absorbance at 652 nm. The bacteria
quantification is conducted through the paper-based microchip, which is fabricated by
Whatman’s No.1 filter paper after CO2 laser treatment, forming a Y-shaped micro-device,
with a 600 µm Y-shaped microchannel. The color intensity depends on the concentra-
tion of bacterial cells (102–108 cfu/mL) and detection limit of 80 cfu/mL was achieved
within 5 min [112]. Another study developed a surface-enhanced Raman scattering (SERS)
biosensor in conjunction with a microfluidic chip for the detection of two types of S. aureus,
methicillin-resistant S. aureus (MRSA) and methicillin-sensitive S. aureus (MSSA), in clinical
samples from China and the United States. As far as MRSA is concerned, the detection of
this type of S. aureus was conducted by the recognition of the mecA gene. The samples
were processed with the PCR method and multilocus sequence typing (MLST). The ex-
ploited materials were SU-8 photoresist, forming the channel’s mold, PDMS, and glass.
The proposed method appeared to be sensitive and could identify the sample’s origin. The
biosensor detected 17.400 SERS spectra for a duration of 3.5 h [201].

A microfluidic immunosensor with a nanoporous membrane and specific antibodies to
detect pathogen bacteria cells of E. coli O157:H7 and S. aureus has also been proposed. The
immobilization of the target cells is conducted via the self-assembling (3-glycidoxypropyl)
trimethoxysilane (GPMS) silane. The impedance change was then recorded for frequencies
between 1 and 100 KHz. The device was fabricated by PDMS and attached to aluminum
foil. The PDMS layer was treated with oxygen plasma to bond with the aluminum. Sealing
of the PDMS to the aluminum was achieved with adhesive epoxy. The immunosensor
achieved a LOD of 102 cfu/mL in just 2 h [202]. An aptamer-functionalized graphene
oxide (GO) nano biosensor coupled with a hybrid microchip was fabricated, utilizing paper,
glass, and PDMS. The proposed micro-device can detect a variety of pathogenic bacteria,
including S. aureus, and the procedure can be conducted in approximately 10 min. The
advantage of this study is that no process of the DNA is necessary. S. aureus was detected
at concentrations between 5.2 × 104, and 5.4 × 105 cfu/mL in spiked samples [203].

For the detection of the antibiotic resistance mecA gene of S. aureus, a self-sufficient
lab-on-a-foil system was constructed; the device utilizes recombinase polymerase ampli-
fication (RPA) for DNA processing. PDMS was used for the fabrication of this device,
implementing techniques such as micro-milling and hot embossing. This lab-on-chip de-
vice was constructed to be capable of processing up to 30 samples due to its cartridges. It
also achieved the detection of S. aureus in less than 10 copies, while the duration of this
procedure was less than 20 min [204].

Loop-mediated amplification (LAMP) was employed and integrated into a microchip
for the amplification of the mecA and femA genes of Staphylococcus in order to detect
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different types of Staphylococcus cells and identify the Methicillin resistance type. More
specifically, this micro-device could detect a variety of Staphylococcus types, such as S. aureus,
S. epidermidis, S. haemolyticus, and S. hominis. The material in this case was polycar-
bonate (PC), which was processed using injection molding. The microchip consisted
of 10 microchambers, which were connected to the microchannels. The reported LOD was
20 cfu/reaction for S. aureus, S. epidermidis, S. hominis, and methicillin-resistant S. aureus
(MRSA) and 200 cfu/reaction for S. haemolyticus in just 70 min [205].

In another example, a PDMS microchip was fabricated on a glass substrate with two
intersecting microchannels (an upstream and a downstream microchannel) to conduct
PCR on the peanut’s DNA and the hsp gene of S. aureus. The microchip was mounted on
top of an aluminum block, with a plate heater underneath. (Figure 15). In this way, the
microchip was divided into three regions, each with a distinct temperature for carrying
out a specific procedure. In the first temperature zone (60 ◦C), the gene is separated into
two single-stranded oligonucleotides. In the second temperature zone (70 ◦C), the gene
extends, and in the third temperature zone (95 ◦C), the gene denatures. The PCR product is
then extracted through the microchip’s outlet. The application of an electrophoresis gel is
then used to determine the size of the fragments. Both peanut’s D and Staphylococcus target
genes were detectable by the microdevice [206].
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Figure 15. (A) In this figure, a microchannel is depicted in which antibodies bind to WS2. The
substrate of the microchannel is composed of silicon, and beneath it is a gold film. Additionally,
polarized light is positioned in the microchannel’s center. The light source emits polarized incident
light, while the detector collects the reflected light, whose intensity is diminished due to the resonance
angle (SPR). Surface plasmon resonance permits optical investigation of the molecular interaction
between a moving molecule and a fixed molecule on a substrate. Reproduced with permission from
Ref. [207] CC by 4.0). (B) An illustration of the heater plate is shown in which the plate is divided
into three sections, based on the conducted procedure and the necessary temperature for the PCR
amplification. Reproduced with permission from [206]. Copyright © 2023 Shou-Yu Ma et al.

A microdevice incorporating a plasmon resonance platform, as shown in Figure 15A,
for the detection and quantification of E. coli and S. aureus cells has been presented. As far
as E. coli is concerned, the platform was able to detect E. coli at concentrations between
105–3.2 × 107 cfu/mL in a solution containing phosphate-buffered saline (PBS) and peri-
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toneal dialysis fluid (PD), whereas S. aureus was contained in PBS. The microchip was
made of PMMA and consisted of a single microchannel, a sample injection inlet, and an
outlet. The microchip was also gold-coated and modified with specific antigens to capture
E. coli and S. aureus cells. Detection and quantification were performed by bright field and
fluorescence imaging [207,208].

A self-made microfluidic chip was fabricated for the detection of S. aureus via labeling
and the use of immune microspheres with 50–90 nm diameter for surface modification.
After a 4-min procedure (reaction), S. aureus was detected at a LOD of 1.5 × 101 cfu/ µL.
Practically, the procedure of detecting the target cells is based on the binding of the target
cells with specific antibodies, that bind respectively with antigens. Then the antigens bind
with the anti-S. aureus antibody (FITC). For the creation of the mold spin-coating SU8-3025
photoresist was used and processed by silane treatment. After 5 min, PDMS is poured and
baked at 80 ◦C for 10 min. For 2 µL/min flow rate, the fluorescence intensity reaches its
maximum functionality, while a 5 µL/min flow rate and a 4 min duration are the optimal
conditions for the optimal injection and reaction. At this flow rate, the target bacteria can
be seen from the microsphere’s surface [209].

3.1.5. Campylobacter spp. Detection

Campylobacter is a pathogenic, gram-negative, non-spore-forming bacterium responsi-
ble for many outbreaks of foodborne illness. Morphologically, it is mainly found in an S-
robbed shape and has a length of 0.5–5 µm. Campylobacter is sensitive to atmospheric oxygen
and can be killed by heating. Nevertheless, it shows the ability to persist in contaminated
food, one of the reasons being the development of biofilms, which are strong structures
with high resilience. Campylobacter is present in animals, through which it is transferred to
humans or animal-derived products. The products that most often contain campylobac-
ter are raw meat, with the most basic form being chicken, and raw/unpasteurized milk.
However, campylobacter can contaminate water or even ice [210–212].

In the context of combating the antibiotic resistance crisis, Ma et al. [213] developed
a rapid detection method for antimicrobial resistance surveillance in agri-food systems.
More specifically, a polymer-based microfluidic device was developed for the identifica-
tion of Campylobacter spp. and AST. 100% specificity was achieved in detecting multiple
Campylobacter species in artificially contaminated milk and poultry meat. On-chip AST
determined Campylobacter’s susceptibilities to multiple clinically significant antibiotics with
a high degree of concordance (91–100%). The lab-on-a-chip device completed on-chip
identification and AST in 24 h, whereas traditional methods require days. The developed
method decreased analysis time, streamlined food sample preparation and chip operation,
and utilized up to 1000 times fewer reagents than standard reference methods, making it
competitive for rapid screening and surveillance studies in the food industry. This microflu-
idic device could be used for food safety management and clinical diagnostics in areas with
limited resources.

Building on the capabilities of the dual-sample-on-a-chip LAMP assay, J. Jin et al. [214]
created a microfluidic chip with an integrated loop-mediated isothermal amplification
(LAMP) technique to detect ten waterborne pathogenic bacteria, including Campylobacter
jejuni. The method simultaneously completed 22 genetic analyses in an automated format,
with a detection limit ranging from 7.9 × 10−3 to 9.54 × 10−1 pg of genomic DNA of
pure bacteria per reaction, and the LAMP reaction was completed in just 35 min. In
the analysis of coastal water samples, the clinical sensitivity and specificity were 93.1%
and 98.0%, respectively. The established dual-sample on-chip LAMP assay provides a
dependable and efficient multiple-pathogen analysis of waterborne bacterial pathogens and
is appropriate for on-site detection and routine monitoring of waterborne bacteria in aquatic
environments. A droplet PCR method for the identification of pathogen DNA biomarkers
utilizing polystyrene micro-beads with fluorescent color coding has also been proposed.
More specifically, using a commercial bead set, the authors were able to encode several
singleplex droplet PCRs. It is highlighted that this technique provides more scalability
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than the limited quantity provided by fluorescent detection probes like TaqMan probes.
The approach was verified for three distinct bead sets coupled with target-specific capture
oligonucleotides to detect the hybridization of three pathogens infecting poultry: avian
influenza, infectious laryngotracheitis virus, and Campylobacter jejuni. The target DNA was
amplified using fluorescently labeled primers and monodisperse picolitre droplets. The
hybridization technique recognized the target DNA of all three species with high specificity
from samples containing an average of one DNA template molecule per droplet. It is also
worth mentioning that, with the scalability enabled by the color-coded detection beads, the
droplet PCR assay detection panel could simultaneously detect many targets [215].

Using a microfluidic device for the continuous separation of bacteria from food sam-
ples, a recent study proposes a novel method for pathogen detection that builds on previous
research. A microfluidic “LabDisk” capable of parallel, PCR detection of up to six distinct
food-borne pathogens. It is composed of a microfluidic network for integrating positive
controls, no-template controls (NTCs), and standards (STDs) into a centrifugal microfluidic
PCR cartridge. In qualitative mode, each cartridge may test two DNA samples for the
presence of six food pathogens, including PCs and NTCs, which are Listeria monocytogenes,
Salmonella typhimurium, EHEC, S. aureus, Citrobacter freundii, and Campylobacter jejuni. This
was validated for 10 pg, 1 pg, and 0.1 pg per pathogen DNA quantities. In quantitative
mode, one DNA sample per cartridge can be quantitatively analyzed for the presence of
two pathogens using standard curves that have been pre-made and created on a disk. 50 pg
and 500 pg samples of L. monocytogenes genomic DNA were measured to contain 83 ± 17 pg
and 540 ± 116 pg DNA, respectively, while 50 pg and 500 pg samples of S. Typhimurium
DNA contained 48 ± 4 pg and 643 ± 211 pg DNA, respectively. It is shown that in both
operating modes, microfluidic liquid routing was accomplished by spinning the cartridge
on a low-cost centrifugal test apparatus [216].

Lastly, Pires & Dong [217] detected waterborne pathogens such as E. coli O157:H7,
Campylobacter jejuni, and adenovirus to ensure the safety of water resources. In this study, a
poly (methylmethacrylate) (PMMA) microfluidic biosensor was developed and integrated
with an array of organic blend heterojunction photodiodes (OPDs) for chemiluminescent
detection of the target pathogens. The PMMA chip allowed for the capture of pathogens,
which were then detected by poly(2,7-carbazole)/fullerene OPDs with a sensitivity greater
than 0.20 A/W at 425 nm. The limits of chemiluminescent detection for E. coli, C. jejuni, and
adenovirus were determined to be 5 × 105 cells/mL, 1 × 105 cells/mL, and 1 × 108 mg/mL,
respectively. In less than 35 min, the integrated biosensor enabled the simultaneous analysis
of all three analytes. As illustrated by the recovery tests, the study also demonstrated the
capability of the integrated biosensor to detect bacteria in actual water samples. The find-
ings indicate that the PMMA-OPD biosensor can be used to detect waterborne pathogens
rapidly and sensitively in environmental samples.

In Table 3, we summarize the most relevant and representative LOC efforts existing in
the literature for the detection of the most important pathogenic bacteria that can be found
in food products.

Table 3. Summary of the reviewed studies, categorized by pathogen microorganism reported together
with the material used, the fabrication method and limit of detection.

Detection Method Material Sample LOD Fabrication Method Reference

Escherichia coli

Biosensor magnetical
changes SU-8 photoresist Food sample 105 cfu/mL

3D stereolithographic
technique [162]

MEMs biosensor SU-8/glass Bacteria samples 39 cfu/mL Photolithography/surface
micromachining [163]

SERS
immunosensor PDMS Romain lettuce 0.5 cfu/mL Photolithography/Soft

lithography [164]
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Table 3. Cont.

Detection Method Material Sample LOD Fabrication Method Reference

PDMS coated
Biosensor

Color
PDMS/glass Chicken sample 50 cfu/mL 3D printing/Surface

plasma treatment [165]

SAW biosensor Polymeric materials Milk sample 1–5 cells Plasma treatment [166]

micro-PCR Polycarbonate Bacterial sample 1.2 × 10−1 cfu/mL Carving technique [168]

PRA, isothermal
amplification

PCB photosensitive dry
film Bacterial sample DNA amplification

achieved [170]

ATP assay PDMS/Glass Bacterial sample 4.91 × 10 cfu/µl Soft lithography [171]

P-ELISA Paper Beef sample 105 cfu/mL Wax printing [92]

Dual RCA PDMS Orange juice/milk 80 cells/mL Soft lithography [172]

Salmonella spp.

MEMs impedance
biosensor

PDMS
SU8 poultry products 7 cfu/mL

Surface
micromachining
Oxygen plasma

[174]

Impedance biosensor
SU-8

PDMS
glass

ready-to-eat
turkey sample 300 cells/mL

Surface
micromachining
Oxygen plasma

[176]

Immuno-biosensor
Fluorescence

Silicone
PDMS/glass

Chicken extract
Borate buffer 103 cfu/mL

Photolithography
Plasma treatment [177]

Immune magnetic
nanoparticles (MNPs)

Fluorescent
microspheres (FMSs)

PDMS
glass Apple juice 58 cfu/mL

SU-8 photolithography
Oxygen plasma

treatment
[178]

PCR
fluorescent factor

Silicon wafer
glass egg yolk 5 × 104 cells/mL

ion etching
photolithography [179]

Immunological
reactions

color change
paper bird feces

whole milk
100 cells/mL
103 cfu/mL Wax printing [180]

Mie scattering
acrylonitrile-butadiene-

styrene
(ABS)/polycarbonate

poultry package 10 cfu/mL Micro-milling [181]

Screen imaging Mie
scattering

cellulose
chromatographic paper Bacterial sample 1 cell SU-8 negative

photoresist [182]

Biosensor

PDMS
Glass

acrylonitrile Butadiene
Styrene (ABS)

Bacteria sample
(E. coli, Salmonella, L.

monocytogenes)
33 cfu/mL 3D printing [175]

LAMP amplification polymeric Food sample 55 cells/test Injection molding [183]

Listeria monocytogenes

ddPCR PDMS
glass

Bacterial sample
Drinking water 10 cfu/mL Soft lithography [188]

PCR
fluorescent dye

PDMS
SU-8 Bacterial sample 104 cells

Soft lithography
Oxygen plasma [190]

qPCR PDMS sponge
Salt crystals Bacterial culture 104 cfu/mL Oxygen plasma [189]

impedance
immunosensor,

modified magnetic
nanoparticles

PDMS
glass

Lettuce
Milk

Ground beef
103 cfu/mL Hot embossing [191]

Biosensor
PCR Paper Bacterial sample 6.3 × 10−2 pmol/L Wax screen printing [192]

Immuno-magnetic
nanoparticles, magnetic

changes
Thermoplastic material Bacterial sample 10 cells per 1 µL Hot embossing [194]

LAMP
visual detection PMMA Food sample (i.e.,

infant’s formula) 3.8 × 102 cfu/mL Hot embossing [195]
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Table 3. Cont.

Detection Method Material Sample LOD Fabrication Method Reference

LAMP
colorimetric test PMMA Bacterial sample 10 cells per pathogen Hot embossing [196]

LAMP electrochemical
sensor Plastic Bacterial sample 1.25 pg DNA per

reaction 3D printing technique [197]

Magnetophoresis Polyethylene
PDMS

Milk
Cabbage 620 fg (femtograms) Soft Lithography [198]

Staphylococcus aureus

Biosensor,
Colorimetric

Whatman’s No.1 filter
paper Bacterial sample 80 cfu/mL CO2 laser treatment [202]

(SERS) biosensor, PCR
& MLST SU-8 Clinical samples 17.400 SERS spectra

(optofluidic system)
Masking

UV exposure [203]

Immunosensor PDMS & aluminum foil Bacterial sample 102 cfu/mL Oxygen plasma [202]

(GO) nano biosensor Paper/Glass/PDMS Spiked bacterial
samples 5.2 × 104 cfu/mL Soft Lithography [203]

RPA PDMS Bacterial samples <10 copies Hot embossing [204]

LAMP Polycarbonate (PC) Clinical samples 20 cfu/reaction Injection molding [205]

PCR PDMS/glass Food & bacterial
sample - UV hot embossing [206]

Plasmon resonance
platform,

Fluorescence imaging
PMMA Bacterial sample - Laminated object

manufacturing (LOM) [208]

Fluorescence PDMS
SU8-3025 Bacterial sample 1.5 × 101 cfu/ µl

Soft Lithography-silane
treatment [209]

Campylobacter spp.

Colorimetric PDMs/glass/PVDF
membrane milk and poultry 1 × 102 cfu/mL

1 × 104 cfu/25 g
Photolithography [213]

LAMP
assay/Colorimetric

Lab on disk from
PMMA Coastal water

7.92 × 10−3–9.54 ×
10−1 pg of genomic

DNA/reaction
- [214]

droplet
PCR/color-coded

beads

PDMS/SU-8/silicon
wafer Bacterial sample 1 DNA

target/droplet Soft lithography [215]

Optical biosensor PMMA/PDMS/glass/OPD real water samples 1 × 105 cells/mL for
C. jejuni Injection molding [217]

4. Conclusions and Discussion
4.1. Research Outlook of Microfluidics and LOCs

Microfluidic chips and LOCs are miniaturized devices that can exploit phenomena
such as the capillary flow of fluids in conjunction with technologies like PCR and can offer
attractive solutions for the on-site detection of several pollutants. They can also serve as
an important tool for quality control in food and water, as well as in the medical industry,
where they are primarily applied. From what was presented in the previous sections,
it is clear that a substantial amount of research has been undertaken in relation to food
quality and pathogenic microorganisms. Since E. coli, Salmonella, and Listeria are the most
common bacteria discovered in food matrices, these are the microbes that have received
the most attention in the scientific community. Regarding the fabrication techniques to
produce microchips, thermoplastics are the most common materials used in microfluidics
since there is a demand for cheap and disposable microfluidic devices. Microfluidics and
more complex LOC devices are usually made of thermoplastics, because of the existing
mass-scale production methods existing (injection molding) and their unique properties
(i.e., biocompatibility, rigidity, transparency, resistance to several solvents, etc.), which
enable coupling with established detection methods. Such approaches can provide LOC
devices with low detection limit capable for real life applications.
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There is also great interest in the paper-based chips due to their low cost and user
friendliness. Paper-based devices are compact and lightweight, meaning they are ideal for
use in point-of-care applications and also an eco-friendly option since paper is a biodegrad-
able and environmentally friendly material. However, the sensitivity of µPADs is usually
limited; they cannot meet the regulatory requirements in food microbiology, and this is one
of the main reasons that most efforts have not yet been commercialized.

For the detection of pathogenic microbes present in food and/or water samples, a
wide range of detection techniques are available. In this review paper, we presented recent
studies, each of which utilized or combined different detection techniques for the identi-
fication of various bacteria. In conclusion, the detection methods that are implemented
into LOCs can be categorized into four main categories, Biosensors, Nucleic acid-based
assays, immunoassays, and spectroscopic techniques. Biosensors are usually coupled with
microfluidic devices, and they can be used to detect changes, such as magnetic, voltam-
metry, impedance, color, or resistance. In addition to biosensors, there are techniques
based on nucleic acids that are used to detect pathogenic microorganisms. These methods
rely on the detection of pathogen-specific DNA or RNA sequences. qPCR, for example,
is a commonly used method for the identification of bacteria and is based on the use of
fluorescent dyes or probes to measure the quantity of DNA or RNA amplified during
the PCR reaction. These methods are currently very popular because they offer a very
low limit of detection. Immunoassays employ specific antibodies capable of binding to
the pathogenic microorganisms of interest, and the detection is completed using a label.
Immunoassays are really fast and easy to perform, but again, in most cases, they exhibit
limited sensitivity and can be mainly used as screening, rapid tests in food microbiology.
Finally, the spectroscopic techniques such as Raman spectroscopy and surface-enhanced
Raman spectroscopy (SERS) can be incorporated into LOC devices to create highly accurate,
portable, and miniaturized analytical instruments for various medical, environmental, and
chemical applications. Overall, all these methods have been successfully implemented in
LOCs for research purposes, usually under ideal conditions, and few of them have passed
to the next level of commercial exploitation. Therefore, there is a need for research and
development on existing methods rather than proposing new ones, utilizing them on real
samples and in industrially relevant settings, in order to accelerate the industry’s uptake of
already developed concepts. In this direction, the technological advancements that have
significantly simplified the detection protocols (i.e., the LAMP method does not require
DNA purification) and reduced the number of pretreatment steps are expected to provide
more “success stories” of microfluidic based and LOC approaches being commercialized
during the next few years.

Other state-of-the-art applications of microfluidics and LOCs in food science also
include, but are not limited to, microfluidics to test the antibacterial action of emulsions or
antibacterial agents, microfluidics to synthesize antibacterial composites and particles, as
well as microfluidics used in nanoencapsulation of functional substances.

4.2. Industrial Outlook of Microfluidics and LOCs

As far as the industry is concerned, the market for microfluidic chips is projected to
reach $7.1 billion by 2025, indicating strong development potential. The fast expansion
of the point-of-care testing industry and the rising need for downsizing and automation
of laboratory procedures are driving market growth. Geographically, the microfluidic
chip market is dominated by North America and Europe, with the United States being
the largest contributor. Asia-Pacific, led by China and Japan, is also rising as a significant
area. These areas have a substantial market presence due to factors such as technological
breakthroughs, favorable government regulations, and the existence of key industry players.
Infrastructure, strong investment in research and development (R&D), the presence of
key industrial players, and favorable government assistance are all characteristics of a
prosperous economy.



Micromachines 2023, 14, 986 36 of 44

The United States has emerged as the industry leader for microfluidic chips, holding
a large market share. This is the result of several variables, including a well-established
healthcare infrastructure, substantial investment in research and development (R&D), the
presence of large industry players, and supportive government policies. The U.S. health-
care system is robust, with considerable demand for innovative medical technology and
products. This, in turn, increases the need for microfluidic chips, which are indispensable
for medical diagnosis and treatment. The United States offers a favorable climate for R&D,
with considerable government and commercial investment. This investment has resulted
in innovation in the microfluidic chip market as companies strive to produce new and
innovative products.

While it has many benefits, it is crucial to highlight that LOC devices appear to
have some drawbacks; despite being a very large market, LOC devices are not yet mass-
produced, resulting in higher prices. There is a link between the quantity of created devices
and their price. Moreover, the competent authorities (i.e., the FDA) have not yet allowed
their extensive usage in quality control/safety. Another significant disadvantage is that
in most cases up to now, LOC devices have been predominantly evaluated under optimal
conditions, creating doubt regarding the precision and dependability of the results under
sub-optimal situations. Therefore, more examination and testing are necessary to guarantee
their full functionality.

Author Contributions: A.-M.M. and V.T. contributed equally in the paper preparation and writing.
K.E. writing, review and editing, supervision, and funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This research work was supported by the Hellenic Foundation for Research and Innovation
(H.F.R.I.) under the “3rd Call for H.F.R.I. Research Projects to support Post-Doctoral Researchers”, of
the project “Miniaturized, hybrid vapor chambers for the next generation electronic devices cooling”
[HEAT REGULATION]—6950.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sedighi, A.; Li, P.C. Challenges and Future Trends in DNA Microarray Analysis. Compr. Anal. Chem. 2014, 63, 25–46. [CrossRef]
2. Escarpa, A. Lights and shadows on Food Microfluidics. Lab Chip 2014, 14, 3213–3224. [CrossRef] [PubMed]
3. Ghallab, Y.; Badawy, W. Sensing methods for dielectrophoresis phenomenon: From bulky instruments to lab-on-a-chip. IEEE

Circuits Syst. Mag. 2004, 4, 5–15. [CrossRef]
4. Yager, P.; Edwards, T.; Fu, E.; Helton, K.; Nelson, K.; Tam, M.R.; Weigl, B.H. Microfluidic diagnostic technologies for global public

health. Nature 2006, 442, 412–418. [CrossRef] [PubMed]
5. Weng, X.; Neethirajan, S. Ensuring food safety: Quality monitoring using microfluidics. Trends Food Sci. Technol. 2017, 65, 10–22.

[CrossRef]
6. Livak-Dahl, E.; Sinn, I.; Burns, M. Microfluidic chemical analysis systems. Microelectron. Eng. 2015, 132, 156–175. [CrossRef]
7. Temiz, Y.; Lovchik, R.D.; Kaigala, G.V.; Delamarche, E. Lab-on-a-chip devices: How to close and plug the lab. Microelectron. Eng.

2015, 132, 156–175. [CrossRef]
8. Angell, J.B.; Terry, S.C.; Barth, P.W.; Terry, S.C. Silicon micromechanical devices. Sci. Am. 1983, 248, 44–55. [CrossRef]
9. Guijt, R.; Manz, A. Miniaturised total chemical-analysis systems (MTAS) that periodically convert chemical into electronic

information. Sens. Actuators B Chem. 2018, 273, 1334–1345. [CrossRef]
10. Janasek, D.; Franzke, J.; Manz, A. Scaling and the design of miniaturized chemical-analysis systems. Nature 2006, 442, 374–380.

[CrossRef]
11. Nguyen, N.-T.; Wu, Z. Micromixers—A review. J. Micromechan. Microengin. 2004, 15, R1–R16. [CrossRef]
12. Andersson, H.; van der Wijngaart, W.; Nilsson, P.; Enoksson, P.; Stemme, G. A valve-less diffuser micropump for microfluidic

analytical systems. Sens. Actuators B Chem. 2001, 72, 259–265. [CrossRef]
13. Au, A.K.; Lai, H.; Utela, B.R.; Folch, A. Microvalves and Micropumps for BioMEMS. Micromachines 2011, 2, 179–220. [CrossRef]
14. Wu, J.; He, Z.; Chen, Q.; Lin, J.-M. Biochemical analysis on microfluidic chips. TrAC Trends Anal. Chem. 2016, 80, 213–231.

[CrossRef]
15. Rai, P.K.; Islam, M.; Gupta, A. Microfluidic devices for the detection of contamination in water samples: A review. Sens. Actuators

A Phys. 2022, 347, 113926. [CrossRef]
16. Ren, K.; Zhou, J.; Wu, H. Materials for microfluidic chip fabrication. Acc. Chem. Res. 2013, 46, 2396–2406. [CrossRef]

https://doi.org/10.1016/B978-0-444-62651-6.00002-7
https://doi.org/10.1039/C4LC00172A
https://www.ncbi.nlm.nih.gov/pubmed/24874074
https://doi.org/10.1109/MCAS.2004.1337805
https://doi.org/10.1038/nature05064
https://www.ncbi.nlm.nih.gov/pubmed/16871209
https://doi.org/10.1016/j.tifs.2017.04.015
https://doi.org/10.1146/annurev-chembioeng-061010-114215
https://doi.org/10.1016/j.mee.2014.10.013
https://doi.org/10.1038/scientificamerican0483-44
https://doi.org/10.1016/j.snb.2018.06.054
https://doi.org/10.1038/nature05059
https://doi.org/10.1088/0960-1317/15/2/R01
https://doi.org/10.1016/S0925-4005(00)00644-4
https://doi.org/10.3390/mi2020179
https://doi.org/10.1016/j.trac.2016.03.013
https://doi.org/10.1016/j.sna.2022.113926
https://doi.org/10.1021/ar300314s


Micromachines 2023, 14, 986 37 of 44

17. FAkther, F.; Tran, H.D.; Zhang, J.; Nguyen, N.-T.; Ta, H.T. Lab-on-a-chip (lab-on-a-phone) for analysis of blood and diagnosis of
blood diseases. In Nanotechnology for Hematology, Blood Transfusion, and Artificial Blood; Elsevier: Amsterdam, The Netherlands,
2021; pp. 237–264. [CrossRef]

18. Li, J.; LeRiche, T.; Tremblay, T.-L.; Wang, C.; Bonneil, E.; Harrison, D.J.; Thibault, P. Application of Microfluidic Devices to
Proteomics Research: Identification of Trace-level Protein Digests and Affinity Capture of Target Peptides. Mol. Cell. Proteom.
2002, 1, 157–168. [CrossRef]

19. Neužil, P.; Giselbrecht, S.; Länge, K.; Huang, T.J.; Manz, A. Revisiting lab-on-a-chip technology for drug discovery. Nat. Rev. Drug
Discov. 2012, 11, 620–632. [CrossRef]

20. Yoon, J.-Y.; Kim, B. Lab-on-a-chip pathogen sensors for food safety. Sensors 2012, 12, 10713–10741. [CrossRef]
21. Lee, W.G.; Kim, Y.-G.; Chung, B.G.; Demirci, U.; Khademhosseini, A. Nano/Microfluidics for diagnosis of infectious diseases in

developing countries. Adv. Drug Deliv. Rev. 2010, 62, 449–457. [CrossRef]
22. Faour-Klingbeil, D.; Todd, E.C.D. Prevention and Control of Foodborne Diseases in Middle-East North African Countries: Review

of National Control Systems. Int. J. Environ. Res. Public Health 2019, 17, 70. [CrossRef] [PubMed]
23. Waldbaur, A.; Rapp, H.; Länge, K.; Rapp, B.E. Let there be chip—Towards rapid prototyping of microfluidic devices: One-step

manufacturing processes. Anal. Methods 2011, 3, 2681–2716. [CrossRef]
24. Horie, K.; Barón, M.; Fox, R.B.; He, J.; Hess, M.; Kahovec, J.; Kitayama, T.; Kubisa, P.; Maréchal, E.; Mormann, W.; et al. Definitions

of terms relating to reactions of polymers and to functional polymeric materials (IUPAC Recommendations 2003). Pure Appl.
Chem. 2004, 76, 889–906. [CrossRef]

25. Scott, S.M.; Ali, Z. Fabrication methods for microfluidic devices: An overview. Micromachines 2021, 12, 319. [CrossRef] [PubMed]
26. Nielsen, J.B.; Hanson, R.L.; Almughamsi, H.M.; Pang, C.; Fish, T.R.; Woolley, A.T. Microfluidics: Innovations in materials and

their fabrication and functionalization. Anal. Chem. 2019, 92, 150–168. [CrossRef]
27. Duffy, D.C.; McDonald, J.C.; Schueller, O.J.A.; Whitesides, G.M. Rapid prototyping of microfluidic systems in poly(dimethylsiloxane).

Anal. Chem. 1998, 70, 4974–4984. [CrossRef]
28. van Midwoud, P.M.; Janse, A.; Merema, M.T.; Groothuis, G.M.M.; Verpoorte, E. Comparison of biocompatibility and adsorption

properties of different plastics for advanced microfluidic cell and tissue culture models. Anal. Chem. 2012, 84, 3938–3944.
[CrossRef]

29. Credou, J.; Berthelot, T. Cellulose: From biocompatible to bioactive material. J. Mater. Chem. B 2014, 2, 4767–4788. [CrossRef]
30. Akyazi, T.; Basabe-Desmonts, L.; Benito-Lopez, F. Review on microfluidic paper-based analytical devices towards commercialisa-

tion. Anal. Chim. Acta 2018, 1001, 1–17. [CrossRef]
31. Martinez, A.W.; Phillips, S.T.; Butte, M.J.; Whitesides, G.M. Patterned Paper as a Platform for Inexpensive, Low-Volume, Portable

Bioassays. Angew. Chem. 2007, 119, 1340–1342. [CrossRef]
32. Heckele, M.; Bacher, W.; Müller, K.D. Hot Embossing-The Molding Technique for Plastic Microstructures; Springer: Berlin/Heidelberg,

Germany, 1998.
33. Kricka, L.J.; Fortina, P.; Panaro, N.J.; Wilding, P.; Alonso-Amigo, G.; Becker, H. Fabrication of plastic microchips by hot embossing.

Lab Chip 2002, 2, 1–4. [CrossRef]
34. Velten, T.; Bauerfeld, F.; Schuck, H.; Scherbaum, S.; Landesberger, C.; Bock, K. Roll-to-roll hot embossing of microstructures.

Microsyst. Technol. 2010, 17, 619–627. [CrossRef]
35. Ellinas, K.; Pliaka, V.; Kanakaris, G.; Tserepi, A.; Alexopoulos, L.; Gogolides, E. Micro-bead immunoassays for the detection of IL6

and PDGF-2 proteins on a microfluidic platform, incorporating superhydrophobic passive valves. Microelectron. Eng. 2017, 175,
73–80. [CrossRef]

36. Kourmpetis, I.; Kastania, A.S.; Ellinas, K.; Tsougeni, K.; Baca, M.; De Malsche, W.; Gogolides, E. Gradient-temperature hot-
embossing for dense micropillar array fabrication on thick cyclo-olefin polymeric plates: An example of a microfluidic chromatog-
raphy column fabrication. Micro Nano Eng. 2019, 5, 100042. [CrossRef]

37. Ng, S.H.; Wang, Z.F. Hot roller embossing for microfluidics: Process and challenges. Microsyst. Technol. 2008, 15, 1149–1156.
[CrossRef]

38. Deshmukh, S.S.; Goswami, A. Recent developments in hot embossing—A review. Mater. Manuf. Process. 2020, 36, 501–543.
[CrossRef]

39. Matlock-Colangelo, L.; Coon, B.; Pitner, C.L.; Frey, M.W.; Baeumner, A.J. Functionalized electrospun poly(vinyl alcohol) nanofibers
for on-chip concentration of E. coli cells. Anal. Bioanal. Chem. 2015, 408, 1327–1334. [CrossRef]

40. Schomburg, W.K.; Burlage, K.; Gerhardy, C. Ultrasonic hot embossing. Micromachines 2011, 2, 157–166. [CrossRef]
41. Sucularli, F.; Arikan, M.S.; Yildirim, E. Investigation of process-affected zone in ultrasonic embossing of microchannels on

thermoplastic substrates. J. Manuf. Process. 2020, 50, 394–402. [CrossRef]
42. Chang, J.-H.; Yang, S.-Y. Development of fluid-based heating and pressing systems for micro hot embossing. Microsyst. Technol.

2005, 11, 396–403. [CrossRef]
43. Juang, Y.-J.; Chiu, Y.-J. Fabrication of Polymer Microfluidics: An Overview. Polymers 2022, 14, 2028. [CrossRef] [PubMed]
44. Li, X.; Liu, F.; Gong, N.; Huang, P.; Yang, C. Enhancing the joining strength of injection-molded polymer-metal hybrids by rapid

heating and cooling. J. Mater. Process. Technol. 2017, 249, 386–393. [CrossRef]
45. Su, Q.; Zhang, N.; Gilchrist, M.D. The use of variotherm systems for microinjection molding. J. Appl. Polym. Sci. 2015, 133, 42962.

[CrossRef]

https://doi.org/10.1016/B978-0-12-823971-1.00009-X
https://doi.org/10.1074/mcp.M100022-MCP200
https://doi.org/10.1038/nrd3799
https://doi.org/10.3390/s120810713
https://doi.org/10.1016/j.addr.2009.11.016
https://doi.org/10.3390/ijerph17010070
https://www.ncbi.nlm.nih.gov/pubmed/31861843
https://doi.org/10.1039/c1ay05253e
https://doi.org/10.1351/pac200476040889
https://doi.org/10.3390/mi12030319
https://www.ncbi.nlm.nih.gov/pubmed/33803689
https://doi.org/10.1021/acs.analchem.9b04986
https://doi.org/10.1021/ac980656z
https://doi.org/10.1021/ac300771z
https://doi.org/10.1039/C4TB00431K
https://doi.org/10.1016/j.aca.2017.11.010
https://doi.org/10.1002/ange.200603817
https://doi.org/10.1039/b109775j
https://doi.org/10.1007/s00542-010-1158-x
https://doi.org/10.1016/j.mee.2017.02.015
https://doi.org/10.1016/j.mne.2019.100042
https://doi.org/10.1007/s00542-008-0722-0
https://doi.org/10.1080/10426914.2020.1832691
https://doi.org/10.1007/s00216-015-9112-5
https://doi.org/10.3390/mi2020157
https://doi.org/10.1016/j.jmapro.2019.12.055
https://doi.org/10.1007/s00542-004-0481-5
https://doi.org/10.3390/polym14102028
https://www.ncbi.nlm.nih.gov/pubmed/35631909
https://doi.org/10.1016/j.jmatprotec.2017.06.034
https://doi.org/10.1002/app.42962


Micromachines 2023, 14, 986 38 of 44

46. Whiteside, B.; Babenko, M.; Tuinea-Bobe, C.; Brown, E.; Coates, P. Ultrasonic Injection Moulding: A Study of Thermal Behaviour
and Nanofeature Replication. 2016. Available online: www.euspen.eu (accessed on 26 January 2023).

47. Hansen, T.S.; Selmeczi, D.; Larsen, N.B. Fast prototyping of injection molded polymer microfluidic chips. J. Micromechan.
Microengin. 2009, 20, 015020. [CrossRef]

48. Yu, W.; Chen, Y.; Wang, Z.; Qiao, L.; Xie, R.; Zhang, J.; Bian, S.; Li, H.; Zhang, Y.; Chen, A. Multiple authentications of high-value
milk by centrifugal microfluidic chip-based real-time fluorescent LAMP. Food Chem. 2021, 351, 129348. [CrossRef]

49. Xia, Y.; Whitesides, G.M. Soft Lithography. 1998. Available online: www.annualreviews.org. (accessed on 26 January 2023).
50. Aumiller, G.D.; Chandross, E.A.; Tomlinson, W.J.; Weber, H.P. Submicrometer resolution replication of relief patterns for integrated

optics. J. Appl. Phys. 1974, 45, 4557–4562. [CrossRef]
51. Xue, L.; Jin, N.; Guo, R.; Wang, S.; Qi, W.; Liu, Y.; Li, Y.; Lin, J. Microfluidic Colorimetric Biosensors Based on MnO2 Nanozymes

and Convergence–Divergence Spiral Micromixers for Rapid and Sensitive Detection of Salmonella. ACS Sens. 2021, 6, 2883–2892.
[CrossRef]

52. Salih, N.M.; Sahdan, M.; Sahdan, Z.; Morsin, M.; Asmah, M.T. Fabrication and Integration of PDMS-Glass Based Microfluidic
with Optical Absorbance Measurement Device for Coliform Bacteria Detection. In 6th International Conference on the Development
of Biomedical Engineering in Vietnam (BME6); Vo Van, T., Nguyen Le, T.A., Nguyen Duc, T., Eds.; Springer: Singapore, 2018; pp.
75–81.

53. Leclerc, C.A.; Williams, S.; Powe, C.; Zepp, N.; Lipworth, D.; Pensini, E.; Collier, C.M. Rapid design and prototyping of
microfluidic chips via computer numerical control micromilling and anisotropic shrinking of stressed polystyrene sheets.
Microfluid. Nanofluidics 2021, 25, 1–12. [CrossRef]

54. Liu, S.; Fan, Y.; Gao, K.; Zhang, Y. Fabrication of Cyclo-olefin polymer-based microfluidic devices using CO2 laser ablation. Mater.
Res. Express 2018, 5, 095305. [CrossRef]

55. Gao, K.; Liu, J.; Fan, Y.; Zhang, Y. Ultra-low-cost fabrication of polymer-based microfluidic devices with diode laser ablation.
Biomed. Microdevices 2019, 21, 83. [CrossRef]

56. Gao, K.; Liu, J.; Fan, Y.; Zhang, Y. An effective method for fabricating microchannels on the polycarbonate (PC) substrate with
CO2 laser. Int. J. Adv. Manuf. Technol. 2017, 92, 1365–1370. [CrossRef]

57. Yin, Z. Rapid prototyping of PET microfluidic chips by laser ablation and water-soaking bonding method. Micro Nano Lett. 2018,
13, 1302–1305. [CrossRef]

58. Min, K.; Lim, J.; Lim, J.H.; Hwang, E.; Kim, Y.; Lee, H.; Lee, H.; Hong, S. Fabrication of perforated PDMS microchannel by
successive laser pyrolysis. Materials 2021, 14, 7275. [CrossRef]

59. Hsieh, Y.-K.; Chen, S.-C.; Huang, W.-L.; Hsu, K.-P.; Gorday, K.A.V.; Wang, T.; Wang, J. Direct micromachining of microfluidic
channels on biodegradable materials using laser ablation. Polymers 2017, 9, 242. [CrossRef]

60. Bilican, I.; Guler, M.T. Assessment of PMMA and polystyrene based microfluidic chips fabricated using CO2 laser machining.
Appl. Surf. Sci. 2020, 534, 147642. [CrossRef]

61. Huang, J.; Qin, Q.; Wang, J. A review of stereolithography: Processes and systems. Processes 2020, 8, 1138. [CrossRef]
62. Jasveer, S.; Jianbin, X. Comparison of Different Types of 3D Printing Technologies. Int. J. Sci. Res. Publ. 2018, 8, 7602. [CrossRef]
63. Nelson, M.D.; Ramkumar, N.; Gale, B.K. Flexible, transparent, sub-100 µm microfluidic channels with fused deposition modeling

3D-printed thermoplastic polyurethane. Anal. Chim. Acta 2019, 1071, 36–43. [CrossRef]
64. Duarte, L.C.; Figueredo, F.; Ribeiro, L.E.; Cortón, E.; Coltro, W.K. Label-free counting of Escherichia coli cells in nanoliter droplets

using 3D printed microfluidic devices with integrated contactless conductivity detection. Sens. Actuators B Chem. 2017, 251,
427–432. [CrossRef]

65. Duarte, L.C.; Chagas, C.L.; Ribeiro, L.E.; Coltro, W.K. 3D printing of microfluidic devices with embedded sensing electrodes for
generating and measuring the size of microdroplets based on contactless conductivity detection. Sens. Actuators B Chem. 2017,
251, 427–432. [CrossRef]

66. Kanitthamniyom, P.; Hon, P.Y.; Zhou, A.; Abdad, M.Y.; Leow, Z.Y.; Yazid, N.B.M.; Xun, V.L.W.; Vasoo, S.; Zhang, Y. A 3D-printed
magnetic digital microfluidic diagnostic platform for rapid colorimetric sensing of carbapenemase-producing Enterobacteriaceae.
Microsyst. Nanoeng. 2021, 7, 47. [CrossRef] [PubMed]

67. Felton, H.; Hughes, R.; Diaz-Gaxiola, A. Negligible-cost microfluidic device fabrication using 3D-printed interconnecting channel
scaffolds. PLoS ONE 2021, 16, e0245206. [CrossRef] [PubMed]

68. Kim, A.A.; Kustanovich, K.; Baratian, D.; Ainla, A.; Shaali, M.; Jeffries, G.D.M.; Jesorka, A. SU-8 free-standing microfluidic probes.
Biomicrofluidics 2017, 11, 014112. [CrossRef] [PubMed]

69. Dy, A.J.; Cosmanescu, A.; Sluka, J.; A Glazier, J.; Stupack, D.; Amarie, D. Fabricating microfluidic valve master molds in SU-8
photoresist. J. Micromec. Microengin. 2014, 24, 57001. [CrossRef]

70. Corredor, S.F.; Mayoussi, F.; Luitz, M.; Kick, A.; Goralczyk, A.; Böcherer, D.; Vera, G.; Helmer, D.; Kotz-Helmer, F.; Rapp, B.E. A
Polystyrene Photoresin for Direct Lithography of Microfluidic Chips. Adv. Mater. Technol. 2022, 7, 84. [CrossRef]

71. Ellinas, K.; Tsougeni, K.; Petrou, P.S.; Boulousis, G.; Tsoukleris, D.; Pavlatou, E.; Tserepi, A.; Kakabakos, S.E.; Gogolides, E. Three-
dimensional plasma micro-nanotextured cyclo-olefin-polymer surfaces for biomolecule immobilization and environmentally
stable superhydrophobic and superoleophobic behavior. Chem. Eng. J. 2016, 300, 394–403. [CrossRef]

72. Rhee, S.W.; Taylor, A.M.; Tu, C.H.; Cribbs, D.H.; Cotman, C.W.; Jeon, N.L. Patterned cell culture inside microfluidic devices. Lab
Chip 2004, 5, 102–107. [CrossRef]

www.euspen.eu
https://doi.org/10.1088/0960-1317/20/1/015020
https://doi.org/10.1016/j.foodchem.2021.129348
www.annualreviews.org.
https://doi.org/10.1063/1.1663087
https://doi.org/10.1021/acssensors.1c00292
https://doi.org/10.1007/s10404-020-02414-7
https://doi.org/10.1088/2053-1591/aad72e
https://doi.org/10.1007/s10544-019-0433-6
https://doi.org/10.1007/s00170-017-0182-8
https://doi.org/10.1049/mnl.2018.0193
https://doi.org/10.3390/ma14237275
https://doi.org/10.3390/polym9070242
https://doi.org/10.1016/j.apsusc.2020.147642
https://doi.org/10.3390/pr8091138
https://doi.org/10.29322/IJSRP.8.4.2018.p7602
https://doi.org/10.1088/1361-6439/ab2f26
https://doi.org/10.1016/j.snb.2017.05.011
https://doi.org/10.1016/j.snb.2017.05.011
https://doi.org/10.1038/s41378-021-00276-9
https://www.ncbi.nlm.nih.gov/pubmed/34567760
https://doi.org/10.1371/journal.pone.0245206
https://www.ncbi.nlm.nih.gov/pubmed/33534849
https://doi.org/10.1063/1.4975026
https://www.ncbi.nlm.nih.gov/pubmed/28798844
https://doi.org/10.1088/0960-1317/24/5/057001
https://doi.org/10.1002/admt.202200084
https://doi.org/10.1016/j.cej.2016.04.137
https://doi.org/10.1039/b403091e


Micromachines 2023, 14, 986 39 of 44

73. Tsao, C.-W.; DeVoe, D. Bonding of thermoplastic polymer microfluidics. Microfluid. Nanofluidics 2008, 6, 1–16. [CrossRef]
74. Tsougeni, K.; Papageorgiou, D.; Tserepi, A.; Gogolides, E. ‘Smart’ polymeric microfluidics fabricated by plasma processing:

Controlled wetting, capillary filling and hydrophobic valving. Lab Chip 2009, 10, 462–469. [CrossRef]
75. Tsougeni, K.; Papadakis, G.; Gianneli, M.; Grammoustianou, A.; Constantoudis, V.; Dupuy, B.; Petrou, P.S.; Kakabakos, S.E.;

Tserepi, A.; Gizeli, E.; et al. Plasma nanotextured polymeric lab-on-a-chip for highly efficient bacteria capture and lysis. Lab Chip
2015, 16, 120–131. [CrossRef]

76. Geissler, M.; Brassard, D.; Clime, L.; Pilar, A.V.C.; Malic, L.; Daoud, J.; Barrère, V.; Luebbert, C.; Blais, B.W.; Corneau, N.; et al.
Centrifugal microfluidic lab-on-a-chip system with automated sample lysis, DNA amplification and microarray hybridization for
identification of enterohemorrhagic Escherichia coli culture isolates. Analyst 2020, 145, 6831–6845. [CrossRef]

77. Gravel, J.-F.; Geissler, M.; Chapdelaine, S.; Boissinot, K.; Voisin, B.; Charlebois, I.; Poirier-Richard, H.-P.; Grégoire, A.; Boissinot,
M.; Bergeron, M.G.; et al. Portable bead-based fluorescence detection system for multiplex nucleic acid testing: A case study with
Bacillus anthracis. Microfluid. Nanofluidics 2013, 16, 1075–1087. [CrossRef]

78. Gorkin, R.; Park, J.; Siegrist, J.; Amasia, M.; Lee, B.S.; Park, J.-M.; Kim, J.; Kim, H.; Madou, M.; Cho, Y.-K. Centrifugal microfluidics
for biomedical applications. Lab Chip 2010, 10, 1758–1773. [CrossRef]

79. Muller, H.; Clegg, D.L. Automatic Paper Chromatography. Available online: https://pubs.acs.org/sharingguidelines (accessed
on 26 January 2023).

80. Yamada, K.; Henares, T.G.; Suzuki, K.; Citterio, D. Papierbasierte tintenstrahlgedruckte Mikrofluidiksysteme für die Analytik.
Angew. Chem. 2015, 127, 5384–5401. [CrossRef]

81. Li, X.; Tian, J.; Garnier, G.; Shen, W. Fabrication of paper-based microfluidic sensors by printing. Colloids Surf. B: Biointerfaces 2010,
76, 564–570. [CrossRef]

82. Martinez, A.W.; Phillips, S.T.; Wiley, B.; Gupta, M.; Whitesides, G.M. FLASH: A rapid method for prototyping paper-based
microfluidic devices. Lab Chip 2008, 8, 2146–2150. [CrossRef]

83. Olkkonen, J.; Lehtinen, K.; Erho, T. Flexographically printed fluidic structures in paper. Anal. Chem. 2010, 82, 10246–10250.
[CrossRef]

84. Chitnis, G.; Ding, Z.; Chang, C.-L.; Savran, C.A.; Ziaie, B. Laser-treated hydrophobic paper: An inexpensive microfluidic platform.
Lab Chip 2011, 11, 1161–1165. [CrossRef]

85. Abe, K.; Suzuki, K.; Citterio, D. Inkjet-printed microfluidic multianalyte chemical sensing paper. Anal. Chem. 2008, 80, 6928–6934.
[CrossRef]

86. Abe, K.; Kotera, K.; Suzuki, K.; Citterio, D. Inkjet-printed paperfluidic immuno-chemical sensing device. Anal. Bioanal. Chem.
2010, 398, 885–893. [CrossRef]

87. Qin, X.; Liu, J.; Zhang, Z.; Li, J.; Yuan, L.; Zhang, Z.; Chen, L. Microfluidic paper-based chips in rapid detection: Current status,
challenges, and perspectives. TrAC Trends Anal. Chem. 2021, 143, 116371. [CrossRef]

88. Ruiz, R.A.; Gonzalez, J.L.; Vazquez-Alvarado, M.; Martinez, N.W.; Martinez, A.W. Beyond Wax Printing: Fabrication of Paper-
Based Microfluidic Devices Using a Thermal Transfer Printer. Anal. Chem. 2022, 94, 8833–8837. [CrossRef] [PubMed]

89. Carrilho, E.; Martinez, A.W.; Whitesides, G.M. Understanding wax printing: A simple micropatterning process for paper-based
microfluidics. Anal. Chem. 2009, 81, 7091–7095. [CrossRef] [PubMed]

90. Ng, J.S.; Hashimoto, M. Fabrication of paper microfluidic devices using a toner laser printer. RSC Adv. 2020, 10, 29797–29807.
[CrossRef]

91. Asif, M.; Awan, F.R.; Khan, Q.M.; Ngamsom, B.; Pamme, N. Paper-based analytical devices for colorimetric detection of: S. aureus
and E. coli and their antibiotic resistant strains in milk. Analyst 2020, 145, 7320–7329. [CrossRef]

92. Zhao, Y.; Zeng, D.; Yan, C.; Chen, W.; Ren, J.; Jiang, Y.; Jiang, L.; Xue, F.; Ji, D.; Tang, F.; et al. Rapid and accurate detection of:
Escherichia coli O157:H7 in beef using microfluidic wax-printed paper-based ELISA. Analyst 2020, 145, 3106–3115. [CrossRef]

93. Chiang, C.-K.; Kurniawan, A.; Kao, C.-Y.; Wang, M.-J. Single step and mask-free 3D wax printing of microfluidic paper-based
analytical devices for glucose and nitrite assays. Talanta 2018, 194, 837–845. [CrossRef]

94. Wang, J.; Monton, M.R.N.; Zhang, X.; Filipe, C.D.M.; Pelton, R.; Brennan, J.D. Hydrophobic sol-gel channel patterning strategies
for paper-based microfluidics. Lab Chip 2013, 14, 691–695. [CrossRef]

95. Rajendra, V.; Sicard, C.; Brennan, J.D.; Brook, M.A. Printing silicone-based hydrophobic barriers on paper for microfluidic assays
using low-cost ink jet printers. Analyst 2014, 139, 6361–6365. [CrossRef]

96. Maejima, K.; Tomikawa, S.; Suzuki, K.; Citterio, D. Inkjet printing: An integrated and green chemical approach to microfluidic
paper-based analytical devices. RSC Adv. 2013, 3, 9258–9263. [CrossRef]

97. Tekin, E.; Smith, P.J.; Schubert, U.S. Inkjet printing as a deposition and patterning tool for polymers and inorganic particles. Soft
Matter 2008, 4, 703–713. [CrossRef]

98. Gonzalez-Macia, L.; Morrin, A.; Smyth, M.R.; Killard, A.J. Advanced printing and deposition methodologies for the fabrication of
biosensors and biodevices. Analyst 2010, 135, 845–867. [CrossRef]

99. Komuro, N.; Takaki, S.; Suzuki, K.; Citterio, D. Inkjet printed (bio)chemical sensing devices. Anal. Bioanal. Chem. 2013, 405,
5785–5805. [CrossRef]

100. Delaney, J.T.; Smith, P.J.; Schubert, U.S. Inkjet printing of proteins. Soft Matter 2009, 5, 4866–4877. [CrossRef]
101. Hossain, S.M.Z.; Ozimok, C.; Sicard, C.; Aguirre, S.D.; Ali, M.M.; Li, Y.; Brennan, J.D. Multiplexed paper test strip for quantitative

bacterial detection. Anal. Bioanal. Chem. 2012, 403, 1567–1576. [CrossRef]

https://doi.org/10.1007/s10404-008-0361-x
https://doi.org/10.1039/B916566E
https://doi.org/10.1039/C5LC01217A
https://doi.org/10.1039/D0AN01232G
https://doi.org/10.1007/s10404-013-1273-y
https://doi.org/10.1039/b924109d
https://pubs.acs.org/sharingguidelines
https://doi.org/10.1002/ange.201411508
https://doi.org/10.1016/j.colsurfb.2009.12.023
https://doi.org/10.1039/b811135a
https://doi.org/10.1021/ac1027066
https://doi.org/10.1039/c0lc00512f
https://doi.org/10.1021/ac800604v
https://doi.org/10.1007/s00216-010-4011-2
https://doi.org/10.1016/j.trac.2021.116371
https://doi.org/10.1021/acs.analchem.2c01534
https://www.ncbi.nlm.nih.gov/pubmed/35694851
https://doi.org/10.1021/ac901071p
https://www.ncbi.nlm.nih.gov/pubmed/20337388
https://doi.org/10.1039/D0RA04301J
https://doi.org/10.1039/d0an01075h
https://doi.org/10.1039/D0AN00224K
https://doi.org/10.1016/j.talanta.2018.10.104
https://doi.org/10.1039/C3LC51313K
https://doi.org/10.1039/C4AN01626B
https://doi.org/10.1039/c3ra40828k
https://doi.org/10.1039/b711984d
https://doi.org/10.1039/b916888e
https://doi.org/10.1007/s00216-013-7013-z
https://doi.org/10.1039/b909878j
https://doi.org/10.1007/s00216-012-5975-x


Micromachines 2023, 14, 986 40 of 44

102. Snyder, S.A.; Boban, M.; Li, C.; VanEpps, J.S.; Mehta, G.; Tuteja, A. Lysis and direct detection of coliforms on printed paper-based
microfluidic devices. Lab Chip 2020, 20, 4413–4419. [CrossRef]

103. Bruzewicz, D.A.; Reches, M.; Whitesides, G.M. Low-Cost Printing of Poly(dimethylsiloxane) Barriers To Define Microchannels in
Paper. Anal. Chem. 2008, 80, 3387–3392. [CrossRef]

104. Haller, P.D.; Flowers, C.A.; Gupta, M. Three-dimensional patterning of porous materials using vapor phase polymerization. Soft
Matter 2011, 7, 2428–2432. [CrossRef]

105. He, Q.; Ma, C.; Hu, X.; Chen, H. Method for Fabrication of Paper-Based Microfluidic Devices by Alkylsilane Self-Assembling and
UV/O3-Patterning. Anal. Chem. 2013, 85, 1327–1331. [CrossRef]

106. Carrilho, E.; Phillips, S.T.; Vella, S.J.; Martinez, A.W.; Whitesides, G.M. Paper Microzone Plates. Anal. Chem. 2009, 81, 5990–5998.
[CrossRef]

107. Lin, D.; Li, B.; Qi, J.; Ji, X.; Yang, S.; Wang, W.; Chen, L. Low cost fabrication of microfluidic paper-based analytical devices
with water-based polyurethane acrylate and their application for bacterial detection. Sens. Actuators B Chem. 2019, 303, 127213.
[CrossRef]

108. Nóbrega, L.N.; Magalhães, L.D.O.; Fonseca, A. A urethane-acrylate microflow-analyzer with an integrated cadmium column.
Microchem. J. 2013, 110, 553–557. [CrossRef]

109. Yu, L.; Shi, Z.Z. Microfluidic paper-based analytical devices fabricated by low-cost photolithography and embossing of Parafilm®.
Lab Chip 2015, 15, 1642–1645. [CrossRef] [PubMed]

110. Rengaraj, S.; Cruz-Izquierdo, Á.; Scott, J.L.; Di Lorenzo, M. Impedimetric paper-based biosensor for the detection of bacterial
contamination in water. Sens. Actuators B Chem. 2018, 265, 50–58. [CrossRef]

111. Mahmud, A.; Blondeel, E.J.M.; Kaddoura, M.; MacDonald, B.D. Creating compact and microscale features in paper-based devices
by laser cutting. Analyst 2016, 141, 6449–6454. [CrossRef]

112. Pebdeni, A.B.; Hosseini, M. Fast and selective whole cell detection of Staphylococcus aureus bacteria in food samples by paper
based colorimetric nanobiosensor using peroxidase-like catalytic activity of DNA-Au/Pt bimetallic nanoclusters. Microchem. J.
2020, 159, 105475. [CrossRef]

113. Sohrabpoor, H.; Issa, A.; Al Hamaoy, A.; Ahad, I.U.; Chikarakara, E.; Bagga, K.; Brabazon, D. Chapter 24—Development of Laser
Processing Technologies via Experimental Design. In Advances in Laser Materials Processing, 2nd ed.; Lawrence, J., Ed.; Woodhead
Publishing: Sawston, UK, 2018; pp. 707–729. [CrossRef]

114. Li, X.; Tian, J.; Nguyen, T.; Shen, W. Paper-Based Microfluidic Devices by Plasma Treatment. Anal. Chem. 2008, 80, 9131–9134.
[CrossRef]

115. Wang, H.; Enders, A.; Preuss, J.-A.; Bahnemann, J.; Heisterkamp, A.; Torres-Mapa, M.L. 3D printed microfluidic lab-on-a-chip
device for fiber-based dual beam optical manipulation. Sci. Rep. 2021, 11, 14584. [CrossRef]

116. Rasooly, A.; Bruck, H.A.; Kostov, Y. An ELISA Lab-on-a-Chip (ELISA-LOC). Microfluid. Diagn. Methods Protoc. 2012, 949, 451–471.
[CrossRef]

117. Gaal, G.; Mendes, M.; de Almeida, T.P.; Piazzetta, M.H.; Gobbi, L.; Riul, A.; Rodrigues, V. Simplified fabrication of integrated
microfluidic devices using fused deposition modeling 3D printing. Sens. Actuators B Chem. 2017, 242, 35–40. [CrossRef]

118. Zäh, M.F.; Lutzmann, S. Modelling and simulation of electron beam melting. Prod. Eng. 2009, 4, 15–23. [CrossRef]
119. Richard, C.; Neild, A.; Cadarso, V.J. The emerging role of microfluidics in multi-material 3D bioprinting. Lab Chip 2020, 20,

2044–2056. [CrossRef]
120. Samson, A.A.S.; Lee, J.; Song, J.M. Paper-based inkjet bioprinting to detect fluorescence resonance energy transfer for the

assessment of anti-inflammatory activity. Sci. Rep. 2018, 8, 591. [CrossRef]
121. Fu, X.; Xia, B.; Ji, B.; Lei, S.; Zhou, Y. Flow controllable three-dimensional paper-based microfluidic analytical devices fabricated

by 3D printing technology. Anal. Chim. Acta 2019, 1065, 64–70. [CrossRef]
122. Galanis, P.; He, P.; Katis, I.; Iles, A.; Kumar, A.; Eason, R.; Sones, C. Local photo-polymer deposition-assisted fabrication of

multilayer paper-based devices. Sens. Actuators B Chem. 2020, 322, 128574. [CrossRef]
123. Schilling, K.M.; Jauregui, D.; Martinez, A.W. Paper and toner three-dimensional fluidic devices: Programming fluid flow to

improve point-of-care diagnostics. Lab Chip 2013, 13, 628–631. [CrossRef]
124. WHO EMRO. An Overview of Emerging Foodborne and Waterborne Diseases. 1996. Available online: https://www.emro.who.

int/emhj-volume-2-1996/volume-2-issue-1/article7.html (accessed on 11 January 2023).
125. Swaminathan, B.; Feng, P. Rapid detection of food-borne pathogenic bacteria. Annu. Rev. Microbiol. 1994, 48, 401. Available

online: https://link.gale.com/apps/doc/A16379190/AONE?u=anon~76b7b0&sid=googleScholar&xid=e24a0c4c (accessed on
26 January 2023). [CrossRef]

126. Food and Water Borne Diseases. Available online: https://www2.gnb.ca/content/gnb/en/departments/ocmoh/cdc/content/
food_andwaterborne.html (accessed on 26 January 2023).

127. Pesticide Residues in Food. Available online: https://www.who.int/news-room/fact-sheets/detail/pesticide-residues-in-food
(accessed on 26 January 2023).

128. PRai, P.K.; Lee, S.S.; Zhang, M.; Tsang, Y.F.; Kim, K.-H. Heavy metals in food crops: Health risks, fate, mechanisms, and
management. Environ. Int. 2019, 125, 365–385. [CrossRef]

129. Tauxe, R.V. Emerging foodborne pathogens. Int. J. Food Microbiol. 2002, 78, 31–41. [CrossRef]

https://doi.org/10.1039/D0LC00665C
https://doi.org/10.1021/ac702605a
https://doi.org/10.1039/c0sm01214a
https://doi.org/10.1021/ac303138x
https://doi.org/10.1021/ac900847g
https://doi.org/10.1016/j.snb.2019.127213
https://doi.org/10.1016/j.microc.2013.07.004
https://doi.org/10.1039/C5LC00044K
https://www.ncbi.nlm.nih.gov/pubmed/25710591
https://doi.org/10.1016/j.snb.2018.03.020
https://doi.org/10.1039/C6AN02208A
https://doi.org/10.1016/j.microc.2020.105475
https://doi.org/10.1016/B978-0-08-101252-9.00024-8
https://doi.org/10.1021/ac801729t
https://doi.org/10.1038/s41598-021-93205-9
https://doi.org/10.1007/978-1-62703-134-9_29
https://doi.org/10.1016/j.snb.2016.10.110
https://doi.org/10.1007/s11740-009-0197-6
https://doi.org/10.1039/C9LC01184F
https://doi.org/10.1038/s41598-017-18995-3
https://doi.org/10.1016/j.aca.2019.02.046
https://doi.org/10.1016/j.snb.2020.128574
https://doi.org/10.1039/c2lc40984d
https://www.emro.who.int/emhj-volume-2-1996/volume-2-issue-1/article7.html
https://www.emro.who.int/emhj-volume-2-1996/volume-2-issue-1/article7.html
https://link.gale.com/apps/doc/A16379190/AONE?u=anon~76b7b0&sid=googleScholar&xid=e24a0c4c
https://doi.org/10.1146/annurev.mi.48.100194.002153
https://www2.gnb.ca/content/gnb/en/departments/ocmoh/cdc/content/food_andwaterborne.html
https://www2.gnb.ca/content/gnb/en/departments/ocmoh/cdc/content/food_andwaterborne.html
https://www.who.int/news-room/fact-sheets/detail/pesticide-residues-in-food
https://doi.org/10.1016/j.envint.2019.01.067
https://doi.org/10.1016/S0168-1605(02)00232-5


Micromachines 2023, 14, 986 41 of 44

130. What Are Biosensors? Principle, Working, Types and Applications. Available online: https://www.electronicshub.org/types-of-
biosensors/ (accessed on 26 January 2023).

131. Waters, L.C.; Jacobson, S.C.; Kroutchinina, N.; Khandurina, J.; Foote, R.S.; Ramsey, J.M. Microchip Device for Cell Lysis, Multiplex
PCR Amplification, and Electrophoretic Sizing. Anal. Chem. 1997, 70, 158–162. [CrossRef]

132. Peña-Bahamonde, J.; Nguyen, H.N.; Fanourakis, S.K.; Rodrigues, D.F. Recent advances in graphene-based biosensor technology
with applications in life sciences. J. Nanobiotechnol. 2018, 16, 1–17. [CrossRef] [PubMed]

133. Heuner, K.; Swanson, M. Legionella: Molecular Microbiology; Caister Academic Press: Norwich, UK, 2008; p. 249.
134. Legionnaires Disease and Pontiac Fever | CDC. Available online: https://www.cdc.gov/legionella/index.html (accessed on

26 January 2023).
135. Legionellosis. Available online: https://www.who.int/news-room/fact-sheets/detail/legionellosis (accessed on 26 January 2023).
136. Saad, M.; Castiello, F.R.; Faucher, S.P.; Tabrizian, M. Introducing an SPRi-based titration assay using aptamers for the detection of

Legionella pneumophila. Sens. Actuators B Chem. 2021, 351, 130933. [CrossRef]
137. Laribi, A.; Allegra, S.; Souiri, M.; Mzoughi, R.; Othmane, A.; Girardot, F. Legionella pneumophila sg1-sensing signal enhancement

using a novel electrochemical immunosensor in dynamic detection mode. Talanta 2020, 215, 120904. [CrossRef] [PubMed]
138. Ikeda, M.; Yamaguchi, N.; Tani, K.; Nasu, M. Rapid and simple detection of food poisoning bacteria by bead assay with a

microfluidic chip-based system. J. Microbiol. Methods 2006, 67, 241–247. [CrossRef]
139. Surface Acoustic Waves (SAWs) | Semiconductor Physics Group. Available online: https://www.sp.phy.cam.ac.uk/research/

fundamentals-of-low-dimensional-semiconductor-systems/saw (accessed on 27 January 2023).
140. Gagliardi, M.; Agostini, M.; Lunardelli, F.; Lamanna, L.; Miranda, A.; Bazzichi, A.; Luminare, A.G.; Cervelli, F.; Gambineri, F.;

Totaro, M.; et al. Surface acoustic wave-based lab-on-a-chip for the fast detection of Legionella pneumophila in water. Sens.
Actuators B Chem. 2023, 379, 133299. [CrossRef]

141. Jaywant, S.A.; Arif, K.M. A Comprehensive Review of Microfluidic Water Quality Monitoring Sensors. Sensors 2019, 19, 4781.
[CrossRef]

142. Kim, U.; Ghanbari, S.; Ravikumar, A.; Seubert, J.; Figueira, S. Rapid, Affordable, and Point-of-Care Water Monitoring Via a
Microfluidic DNA Sensor and a Mobile Interface for Global Health. IEEE J. Transl. Eng. Heal Med. 2013, 1, 3700207. [CrossRef]

143. Kim, M.; Jung, T.; Kim, Y.; Lee, C.; Woo, K.; Seol, J.H.; Yang, S. A microfluidic device for label-free detection of Escherichia coli in
drinking water using positive dielectrophoretic focusing, capturing, and impedance measurement. Biosens. Bioelectron. 2015, 74,
1011–1015. [CrossRef]

144. Altintas, Z.; Akgun, M.; Kokturk, G.; Uludag, Y. A fully automated microfluidic-based electrochemical sensor for real-time
bacteria detection. Biosens. Bioelectron. 2018, 100, 541–548. [CrossRef]

145. Jiang, J.; Wang, X.; Chao, R.; Ren, Y.; Hu, C.; Xu, Z.; Liu, G.L. Smartphone based portable bacteria pre-concentrating microfluidic
sensor and impedance sensing system. Sens. Actuators B Chem. 2014, 193, 653–659. [CrossRef]

146. Maw, M.M.; Wang, J.S.; Yu, K.Z.; Wang, Y.J.; Dai, B.W.; Wu, X.D.; Pan, X.X. An Examination of the Validity of MRPS Method
for the Detection of Label-free E. coli and Enterococci in Ships Ballast Water. IOP Conf. Ser. Earth Environ. Sci. 2018, 171, 012032.
[CrossRef]

147. Malec, A.; Kokkinis, G.; Haiden, C.; Giouroudi, I. Biosensing System for Concentration Quantification of Magnetically Labeled E.
coli in Water Samples. Sensors 2018, 18, 2250. [CrossRef]

148. Golberg, A.; Linshiz, G.; Kravets, I.; Stawski, N.; Hillson, N.J.; Yarmush, M.L.; Marks, R.; Konry, T. Cloud-Enabled Microscopy
and Droplet Microfluidic Platform for Specific Detection of Escherichia coli in Water. PLoS ONE 2014, 9, e86341. [CrossRef]

149. Park, T.S.; Yoon, J.-Y. Smartphone Detection of Escherichia coli From Field Water Samples on Paper Microfluidics. IEEE Sens. J.
2014, 15, 1902–1907. [CrossRef]

150. Dharmasiri, U.; Witek, M.A.; Adams, A.A.; Osiri, J.K.; Hupert, M.L.; Bianchi, T.S.; Roelke, D.L.; Soper, S.A. Enrichment and
detection of escherichia coli O157:H7 from water samples using an antibody modified microfluidic chip. Anal. Chem. 2010, 82,
2844–2849. [CrossRef]

151. Wang, R.; Xu, Y.; Sors, T.J.; Ren, W.; Wang, R. Impedimetric detection of bacteria by using a microfluidic chip and silver
nanoparticle based signal enhancement. Microchim. Acta 2018, 185, 1–8. [CrossRef]

152. Alonzo, L.F.; Hinkley, T.C.; Miller, A.; Calderon, R.; Garing, S.; Williford, J.; Clute-Reinig, N.; Spencer, E.; Friend, M.; Madan,
D.; et al. A microfluidic device and instrument prototypes for the detection of Escherichia coli in water samples using a phage-
based bioluminescence assay. Lab Chip 2022, 22, 2155–2164. [CrossRef]

153. Saez, J.; Catalan-Carrio, R.; Owens, R.M.; Basabe-Desmonts, L.; Benito-Lopez, F. Basabe-Desmonts, and F. Benito-Lopez,
“Microfluidics and materials for smart water monitoring: A review. Anal. Chim. Acta 2021, 1186, 338392. [CrossRef]

154. Microbiologically Safe Foods. Available online: https://books.google.gr/books?hl=el&lr=&id=q2Rfq1ZIWTMC&oi=fnd&pg=
PA3&dq=foodborne+pathogens+financial+losses&ots=LF2nWyJ8Cm&sig=brS8EOE1kGh4geBHaZqVzRca2R0&redir_esc=y#
v=onepage&q=foodborne%20pathogens%20financial%20losses&f=false (accessed on 27 January 2023).

155. Nygren, B.L.; Schilling, K.A.; Blanton, E.M.; Silk, B.J.; Cole, D.J.; Mintz, E.D. Foodborne outbreaks of shigellosis in the USA,
1998–2008. Epidemiol. Infect. 2013, 141, 233–241. [CrossRef]

156. Figdor, D.; Gulabivala, K. Survival against the odds: Microbiology of root canals associated with post-treatment disease. Endod.
Top. 2008, 18, 62–77. [CrossRef]

157. E. coli. Available online: https://www.who.int/news-room/fact-sheets/detail/e-coli (accessed on 20 December 2022).

https://www.electronicshub.org/types-of-biosensors/
https://www.electronicshub.org/types-of-biosensors/
https://doi.org/10.1021/ac970642d
https://doi.org/10.1186/s12951-018-0400-z
https://www.ncbi.nlm.nih.gov/pubmed/30243292
https://www.cdc.gov/legionella/index.html
https://www.who.int/news-room/fact-sheets/detail/legionellosis
https://doi.org/10.1016/j.snb.2021.130933
https://doi.org/10.1016/j.talanta.2020.120904
https://www.ncbi.nlm.nih.gov/pubmed/32312449
https://doi.org/10.1016/j.mimet.2006.03.014
https://www.sp.phy.cam.ac.uk/research/fundamentals-of-low-dimensional-semiconductor-systems/saw
https://www.sp.phy.cam.ac.uk/research/fundamentals-of-low-dimensional-semiconductor-systems/saw
https://doi.org/10.1016/j.snb.2023.133299
https://doi.org/10.3390/s19214781
https://doi.org/10.1109/jtehm.2013.2281819
https://doi.org/10.1016/j.bios.2015.07.059
https://doi.org/10.1016/j.bios.2017.09.046
https://doi.org/10.1016/j.snb.2013.11.103
https://doi.org/10.1088/1755-1315/171/1/012032
https://doi.org/10.3390/s18072250
https://doi.org/10.1371/journal.pone.0086341
https://doi.org/10.1109/JSEN.2014.2367039
https://doi.org/10.1021/ac100323k
https://doi.org/10.1007/s00604-017-2562-z
https://doi.org/10.1039/D1LC00888A
https://doi.org/10.1016/j.aca.2021.338392
https://books.google.gr/books?hl=el&lr=&id=q2Rfq1ZIWTMC&oi=fnd&pg=PA3&dq=foodborne+pathogens+financial+losses&ots=LF2nWyJ8Cm&sig=brS8EOE1kGh4geBHaZqVzRca2R0&redir_esc=y#v=onepage&q=foodborne%20pathogens%20financial%20losses&f=false
https://books.google.gr/books?hl=el&lr=&id=q2Rfq1ZIWTMC&oi=fnd&pg=PA3&dq=foodborne+pathogens+financial+losses&ots=LF2nWyJ8Cm&sig=brS8EOE1kGh4geBHaZqVzRca2R0&redir_esc=y#v=onepage&q=foodborne%20pathogens%20financial%20losses&f=false
https://books.google.gr/books?hl=el&lr=&id=q2Rfq1ZIWTMC&oi=fnd&pg=PA3&dq=foodborne+pathogens+financial+losses&ots=LF2nWyJ8Cm&sig=brS8EOE1kGh4geBHaZqVzRca2R0&redir_esc=y#v=onepage&q=foodborne%20pathogens%20financial%20losses&f=false
https://doi.org/10.1017/S0950268812000222
https://doi.org/10.1111/j.1601-1546.2011.00259.x
https://www.who.int/news-room/fact-sheets/detail/e-coli


Micromachines 2023, 14, 986 42 of 44

158. Different Types of Immunoassays. Available online: https://www.sepmag.eu/blog/different-types-of-immunoassays (accessed
on 19 December 2022).

159. Darwish, I.A. Immunoassay Methods and their Applications in Pharmaceutical Analysis: Basic Methodology and Recent
Advances. Int. J. Biomed. Sci. IJBS 2006, 2, 217–235. [PubMed]

160. Kim, Y.-J.; Hwang, E.-S.; Yoon, S.-I.; Park, S. MEMS-Based Biosensor. Encycl. Microfluid. Nanofluidics 2008, 1083–1091. [CrossRef]
161. Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to biosensors. Essays Biochem. 2016, 60, 1–8. [CrossRef] [PubMed]
162. Mujika, M.; Arana, S.; Castaño, E.; Tijero, M.; Vilares, R.; Ruano-López, J.; Cruz, A.; Sainz, L.; Berganza, J. Magnetoresistive

immunosensor for the detection of Escherichia coli O157:H7 including a microfluidic network. Biosens. Bioelectron. 2009, 24,
1253–1258. [CrossRef] [PubMed]

163. Dastider, S.G.; Abdullah, A.; Jasim, I.; Yuksek, N.S.; Dweik, M.; Almasri, M. Low concentration E. coli O157:H7 bacteria sensing
using microfluidic MEMS biosensor. Rev. Sci. Instrum. 2018, 89, 125009. [CrossRef]

164. Asgari, S.; Dhital, R.; Aghvami, S.A.; Mustapha, A.; Zhang, Y.; Lin, M. Separation and detection of E. coli O157:H7 using a
SERS-based microfluidic immunosensor. Microchim. Acta 2022, 189, 1–10. [CrossRef]

165. Zheng, L.; Cai, G.; Wang, S.; Liao, M.; Li, Y.; Lin, J. A microfluidic colorimetric biosensor for rapid detection of Escherichia coli
O157:H7 using gold nanoparticle aggregation and smart phone imaging. Biosens. Bioelectron. 2018, 124, 143–149. [CrossRef]

166. Tsougeni, K.; Kaprou, G.; Loukas, C.; Papadakis, G.; Hamiot, A.; Eck, M.; Rabus, D.; Kokkoris, G.; Chatzandroulis, S.; Papadopou-
los, V.; et al. Lab-on-Chip platform and protocol for rapid foodborne pathogen detection comprising on-chip cell capture, lysis,
DNA amplification and surface-acoustic-wave detection. Sens. Actuators B Chem. 2020, 320, 128345. [CrossRef]

167. Garibyan, L.; Avashia, N. Polymerase Chain Reaction. J. Investig. Dermatol. 2013, 133, e6. [CrossRef]
168. Zhang, H.; Huang, F.; Cai, G.; Li, Y.; Lin, J. Rapid and sensitive detection of Escherichia coli O157:H7 using coaxial channel-based

DNA extraction and microfluidic PCR. J. Dairy Sci. 2018, 101, 9736–9746. [CrossRef]
169. Wu, L.L.; Babikian, S.; Li, G.-P.; Bachman, M. Microfluidic printed circuit boards. In Proceedings of the 2011 IEEE 61st Electronic

Components and Technology Conference (ECTC), Lake Buena Vista, FL, USA, 31 May–3 June 2011; pp. 1576–1581. [CrossRef]
170. Georgoutsou-Spyridonos, M.; Filippidou, M.; Kaprou, G.D.; Mastellos, D.C.; Chatzandroulis, S.; Tserepi, A. Isothermal Re-

combinase Polymerase Amplification (RPA) of E. coli gDNA in Commercially Fabricated PCB-Based Microfluidic Platforms.
Micromachines 2021, 12, 1387. [CrossRef]

171. Song, B.; Yu, J.; Sun, Y.; Wang, Q.; Xu, S.; Jia, Y.; Lin, S.; Zhang, Y.; Wang, C.; Zhang, Y.; et al. Microfluidics for the rapid detection
of Escherichia coli O157:H7 using antibody-coated microspheres. Bioengineered 2021, 12, 392–401. [CrossRef]

172. Jiang, Y.; Qiu, Z.; Le, T.; Zou, S.; Cao, X. Developing a dual-RCA microfluidic platform for sensitive E. coli O157:H7 whole-cell
detections. Anal. Chim. Acta 2020, 1127, 79–88. [CrossRef]

173. Salmonella. EFSA. Available online: https://www.efsa.europa.eu/en/topics/topic/salmonella (accessed on 29 November 2022).
174. Jasim, I.; Abdullha, A.; Shen, Z.; Zhang, S.; Alalem, M.; Dewik, M.; Almasri, M. An impedance biosensor for simultaneous

detection of low concentration of Salmonella serogroups in poultry samples. Sci. Rep. 2017, 8, 726–729. [CrossRef]
175. Hou, Y.; Cai, G.; Zheng, L.; Lin, J. A microfluidic signal-off biosensor for rapid and sensitive detection of Salmonella using

magnetic separation and enzymatic catalysis. Food Control 2019, 103, 186–193. [CrossRef]
176. Liu, J.; Jasim, I.; Shen, Z.; Zhao, L.; Dweik, M.; Zhang, S.; Almasri, M. A microfluidic based biosensor for rapid detection of

Salmonella in food products. PLoS ONE 2019, 14, e0216873. [CrossRef]
177. Kim, G.; Moon, J.-H.; Moh, C.-Y.; Lim, J.-G. A microfluidic nano-biosensor for the detection of pathogenic Salmonella. Biosens.

Bioelectron. 2015, 67, 243–247. [CrossRef]
178. Wang, S.; Zheng, L.; Cai, G.; Liu, N.; Liao, M.; Li, Y.; Zhang, X.; Lin, J. A microfluidic biosensor for online and sensitive detection

of Salmonella typhimurium using fluorescence labeling and smartphone video processing. Biosens. Bioelectron. 2019, 140, 111333.
[CrossRef]

179. Kubo, I.; Kajiya, M.; Aramaki, N.; Furutani, S. Detection of Salmonella Enterica in Egg Yolk by PCR on a Microfluidic Disc Device
Using Immunomagnetic Beads. Sensors 2020, 20, 1060. [CrossRef]

180. Srisa-Art, M.; Boehle, K.E.; Geiss, B.J.; Henry, C.S. Highly Sensitive Detection of Salmonella typhimurium Using a Colorimetric
Paper-Based Analytical Device Coupled with Immunomagnetic Separation. Anal. Chem. 2018, 90, 1035–1043. [CrossRef]

181. Fronczek, C.F.; You, D.J.; Yoon, J.-Y. Single-pipetting microfluidic assay device for rapid detection of Salmonella from poultry
package. Biosens. Bioelectron. 2013, 40, 342–349. [CrossRef] [PubMed]

182. Park, T.S.; Li, W.; McCracken, K.E.; Yoon, J.-Y. Smartphone quantifies Salmonella from paper microfluidics. Lab Chip 2013, 13,
4832–4840. [CrossRef] [PubMed]

183. Sun, Y.; Quyen, T.L.; Hung, T.Q.; Chin, W.H.; Wolff, A.; Bang, D.D. A lab-on-a-chip system with integrated sample preparation
and loop-mediated isothermal amplification for rapid and quantitative detection of Salmonella spp. in food samples. Lab Chip
2015, 15, 1898–1904. [CrossRef] [PubMed]

184. Carroll, K.C.; Hobden, J.A.; Miller, S.; Morse, S.A.; Mietzner, T.A.; Detrick, B.; Mitchell, T.G.; McKerrow, J.H.; Sakanari, J.A.
Jawetz, Melnick & Adelberg’s Medical Microbiology. 27th ed. Available online: https://books.google.com/books/about/Jawetz_
Melnick_Adelbergs_Medical_Microbi.html?hl=el&id=PumOCgAAQBAJ (accessed on 20 December 2022).

185. Listeriosis—National Public Health Organization. Available online: https://eody.gov.gr/disease/listeriosi/ (accessed on
19 December 2022).

https://www.sepmag.eu/blog/different-types-of-immunoassays
https://www.ncbi.nlm.nih.gov/pubmed/23674985
https://doi.org/10.1007/978-0-387-48998-8_878
https://doi.org/10.1042/ebc20150001
https://www.ncbi.nlm.nih.gov/pubmed/27365030
https://doi.org/10.1016/j.bios.2008.07.024
https://www.ncbi.nlm.nih.gov/pubmed/18760584
https://doi.org/10.1063/1.5043424
https://doi.org/10.1007/s00604-022-05187-8
https://doi.org/10.1016/j.bios.2018.10.006
https://doi.org/10.1016/j.snb.2020.128345
https://doi.org/10.1038/jid.2013.1
https://doi.org/10.3168/jds.2018-14730
https://doi.org/10.1109/ectc.2011.5898721
https://doi.org/10.3390/mi12111387
https://doi.org/10.1080/21655979.2020.1870805
https://doi.org/10.1016/j.aca.2020.06.046
https://www.efsa.europa.eu/en/topics/topic/salmonella
https://doi.org/10.1109/transducers.2017.7994151
https://doi.org/10.1016/j.foodcont.2019.04.008
https://doi.org/10.1371/journal.pone.0216873
https://doi.org/10.1016/j.bios.2014.08.023
https://doi.org/10.1016/j.bios.2019.111333
https://doi.org/10.3390/s20041060
https://doi.org/10.1021/acs.analchem.7b04628
https://doi.org/10.1016/j.bios.2012.07.076
https://www.ncbi.nlm.nih.gov/pubmed/22939509
https://doi.org/10.1039/c3lc50976a
https://www.ncbi.nlm.nih.gov/pubmed/24162816
https://doi.org/10.1039/C4LC01459F
https://www.ncbi.nlm.nih.gov/pubmed/25715949
https://books.google.com/books/about/Jawetz_Melnick_Adelbergs_Medical_Microbi.html?hl=el&id=PumOCgAAQBAJ
https://books.google.com/books/about/Jawetz_Melnick_Adelbergs_Medical_Microbi.html?hl=el&id=PumOCgAAQBAJ
https://eody.gov.gr/disease/listeriosi/


Micromachines 2023, 14, 986 43 of 44

186. Listeria (Listeriosis) | FDA. Available online: https://www.fda.gov/food/foodborne-pathogens/listeria-listeriosis (accessed on
19 December 2022).

187. Listeria—Review of Epidemiology and Pathogenesis-PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/17332901/
(accessed on 20 December 2022).

188. Bian, X.; Jing, F.; Li, G.; Fan, X.; Jia, C.; Zhou, H.; Jin, Q.; Zhao, J. A microfluidic droplet digital PCR for simultaneous detection of
pathogenic Escherichia coli O157 and Listeria monocytogenes. Biosens. Bioelectron. 2015, 74, 770–777. [CrossRef]

189. Azinheiro, S.; Kant, K.; Shahbazi, M.-A.; Garrido-Maestu, A.; Prado, M.; Dieguez, L. A smart microfluidic platform for rapid
multiplexed detection of foodborne pathogens. Food Control 2020, 114, 107242. [CrossRef]

190. Cady, N.C.; Stelick, S.; Kunnavakkam, M.V.; Batt, C.A. Real-time PCR detection of Listeria monocytogenes using an integrated
microfluidics platform. Sens. Actuators B Chem. 2005, 107, 332–341. [CrossRef]

191. Kanayeva, D.A.; Wang, R.; Rhoads, D.; Erf, G.F.; Slavik, M.F.; Tung, S.; Li, Y. Efficient Separation and Sensitive Detection of
Listeria monocytogenes Using an Impedance Immunosensor Based on Magnetic Nanoparticles, a Microfluidic Chip, and an
Interdigitated Microelectrode. J. Food Prot. 2012, 75, 1951–1959. [CrossRef]

192. Liu, F.; Zhang, C. A novel paper-based microfluidic enhanced chemiluminescence biosensor for facile, reliable and highly-sensitive
gene detection of Listeria monocytogenes. Sens. Actuators B Chem. 2015, 209, 399–406. [CrossRef]

193. Kargar, M.; Ghasemi, A. Role of Listeria monocytogenes hlyA gene isolated from fresh cheese in human habitual abortion in
Marvdasht. Iran. J. Clin. Infect. Dis. 2009, 4, 214–218.

194. Malic, L.; Zhang, X.; Brassard, D.; Clime, L.; Daoud, J.; Luebbert, C.; Barrere, V.; Boutin, A.; Bidawid, S.; Farber, J.; et al.
Polymer-based microfluidic chip for rapid and efficient immunomagnetic capture and release of Listeria monocytogenes. Lab
Chip 2015, 15, 3994–4007. [CrossRef]

195. Jin, Z.; Ding, G.; Li, G.; Yang, G.; Han, Y.; Hao, N.; Deng, J.; Zhang, Y.; Zhang, W.; Li, W. Rapid detection of foodborne bacterial
pathogens using visual high-throughput microfluidic chip. J. Chem. Technol. Biotechnol. 2020, 95, 1460–1466. [CrossRef]

196. Oh, S.J.; Park, B.H.; Choi, G.; Seo, J.H.; Jung, J.H.; Choi, J.S.; Kim, D.H.; Seo, T.S. Fully automated and colorimetric foodborne
pathogen detection on an integrated centrifugal microfluidic device. Lab Chip 2016, 16, 1917–1926. [CrossRef]

197. Rivas-Macho, A.; Eletxigerra, U.; Diez-Ahedo, R.; Merino, S.; Sanjuan, A.; Bou-Ali, M.M.; Ruiz-Rubio, L.; del Campo, J.; Vilas-
Vilela, J.L.; Goñi-De-Cerio, F.; et al. Design and 3D printing of an electrochemical sensor for Listeria monocytogenes detection
based on loop mediated isothermal amplification. Heliyon 2022, 9, e12637. [CrossRef]

198. Jung, T.; Jung, Y.; Ahn, J.; Yang, S. Continuous, rapid concentration of foodborne bacteria (Staphylococcus aureus, Salmonella
typhimurium, and Listeria monocytogenes) using magnetophoresis-based microfluidic device. Food Control 2020, 114, 107229.
[CrossRef]

199. Staphylococcal (Staph) Food Poisoning | Food Safety | CDC. Available online: https://www.cdc.gov/foodsafety/diseases/
staphylococcal.html (accessed on 19 December 2022).

200. Masalha, M.; Borovok, I.; Schreiber, R.; Aharonowitz, Y.; Cohen, G. Analysis of Transcription of the Staphylococcus aureus Aerobic
Class Ib and Anaerobic Class III Ribonucleotide Reductase Genes in Response to Oxygen. J. Bacteriol. 2001, 183, 7260–7272.
[CrossRef]

201. Lu, X.; Samuelson, D.R.; Xu, Y.; Zhang, H.; Wang, S.; Rasco, B.A.; Xu, J.; Konkel, M.E. Detecting and Tracking Nosocomial
Methicillin-Resistant Staphylococcus aureus Using a Microfluidic SERS Biosensor. Anal. Chem. 2013, 85, 2320–2327. [CrossRef]

202. Tan, F.; Leung, P.H.M.; Liu, Z.-b.; Zhang, Y.; Xiao, L.; Ye, W.; Zhang, X.; Yi, L.; Yang, M. A PDMS microfluidic impedance
immunosensor for E. coli O157:H7 and Staphylococcus aureus detection via antibody-immobilized nanoporous membrane. Sens.
Actuators B Chem. 2011, 159, 328–335. [CrossRef]

203. Zuo, P.; Li, X.; Dominguez, D.C.; Ye, B.-C. A PDMS/paper/glass hybrid microfluidic biochip integrated with aptamer-
functionalized graphene oxide nano-biosensors for one-step multiplexed pathogen detection. Lab Chip 2013, 13, 3921–3928.
[CrossRef]

204. Lutz, S.; Weber, P.; Focke, M.; Faltin, B.; Hoffmann, J.; Müller, C.; Mark, D.; Roth, G.; Munday, P.; Armes, N.; et al. Microfluidic
lab-on-a-foil for nucleic acid analysis based on isothermal recombinase polymerase amplification (RPA). Lab Chip 2010, 10, 887–893.
[CrossRef]

205. Meng, X.; Zhang, G.; Sun, B.; Liu, S.; Wang, Y.; Gao, M.; Fan, Y.; Zhang, G.; Shi, G.; Kang, X. Rapid Detection of mecA and
femA Genes by Loop-Mediated Isothermal Amplification in a Microfluidic System for Discrimination of Different Staphylococcal
Species and Prediction of Methicillin Resistance. Front. Microbiol. 2020, 11, 1487. [CrossRef]

206. Ma, S.-Y.; Chiang, Y.-C.; Hsu, C.-H.; Chen, J.-J.; Hsu, C.-C.; Chao, A.-C.; Lin, Y.-S. Peanut Detection Using Droplet Microfluidic
Polymerase Chain Reaction Device. J. Sens. 2019, 2019, 4712084. [CrossRef]

207. Ouyang, Q.; Zeng, S.; Jiang, L.; Hong, L.; Xu, G.; Dinh, X.-Q.; Qian, J.; He, S.; Qu, J.; Coquet, P.; et al. Sensitivity Enhancement of
Transition Metal Dichalcogenides/Silicon Nanostructure-based Surface Plasmon Resonance Biosensor. Sci. Rep. 2016, 6, 28190.
[CrossRef] [PubMed]

208. Tokel, O.; Yildiz, U.H.; Inci, F.; Durmus, N.G.; Ekiz, O.O.; Turker, B.; Cetin, C.; Rao, S.; Sridhar, K.; Natarajan, N.; et al. Portable
Microfluidic Integrated Plasmonic Platform for Pathogen Detection. Sci. Rep. 2015, 5, 09152. [CrossRef] [PubMed]

209. Song, B.; Wang, J.; Yan, Z.; Liu, Z.; Pan, X.; Zhang, Y.; Zhang, X. Microfluidics for the rapid detection of Staphylococcus aureus
using antibody-coated microspheres. Bioengineered 2020, 11, 1137–1145. [CrossRef]

https://www.fda.gov/food/foodborne-pathogens/listeria-listeriosis
https://pubmed.ncbi.nlm.nih.gov/17332901/
https://doi.org/10.1016/j.bios.2015.07.016
https://doi.org/10.1016/j.foodcont.2020.107242
https://doi.org/10.1016/j.snb.2004.10.022
https://doi.org/10.4315/0362-028X.JFP-11-516
https://doi.org/10.1016/j.snb.2014.11.099
https://doi.org/10.1039/C5LC00852B
https://doi.org/10.1002/jctb.6331
https://doi.org/10.1039/C6LC00326E
https://doi.org/10.1016/j.heliyon.2022.e12637
https://doi.org/10.1016/j.foodcont.2020.107229
https://www.cdc.gov/foodsafety/diseases/staphylococcal.html
https://www.cdc.gov/foodsafety/diseases/staphylococcal.html
https://doi.org/10.1128/JB.183.24.7260-7272.2001
https://doi.org/10.1021/ac303279u
https://doi.org/10.1016/j.snb.2011.06.074
https://doi.org/10.1039/c3lc50654a
https://doi.org/10.1039/b921140c
https://doi.org/10.3389/fmicb.2020.01487
https://doi.org/10.1155/2019/4712084
https://doi.org/10.1038/srep28190
https://www.ncbi.nlm.nih.gov/pubmed/27305974
https://doi.org/10.1038/srep09152
https://www.ncbi.nlm.nih.gov/pubmed/25801042
https://doi.org/10.1080/21655979.2020.1831362


Micromachines 2023, 14, 986 44 of 44

210. Kaakoush, N.O.; Mitchell, H.M.; Man, S.M. Campylobacter. In Molecular Medical Microbiology; Academic Press: Cambridge, MA,
USA, 2015; pp. 1187–1236. [CrossRef]

211. Campylobacter. Available online: https://www.who.int/news-room/fact-sheets/detail/campylobacter (accessed on
19 December 2022).

212. Pendleton, S.; D’souza, D.; Joshi, S.; Hanning, I. Current Perspectives on Campylobacter. In Food Safety; Academic Press:
Cambridge, MA, USA, 2015; pp. 215–234. [CrossRef]

213. Ma, L.; Petersen, M.; Lu, X. Identification and Antimicrobial Susceptibility Testing of Campylobacter Using a Microfluidic
Lab-on-a-Chip Device. Appl. Environ. Microbiol. 2020, 86. [CrossRef]

214. Jin, J.; Duan, L.; Fu, J.; Chai, F.; Zhou, Q.; Wang, Y.; Shao, X.; Wang, L.; Yan, M.; Su, X.; et al. A real-time LAMP-based dual-sample
microfluidic chip for rapid and simultaneous detection of multiple waterborne pathogenic bacteria from coastal waters. Anal.
Methods 2021, 13, 2710–2721. [CrossRef]

215. Rajeswari, P.K.P.; Soderberg, L.M.; Yacoub, A.; Leijon, M.; Svahn, H.A.; Joensson, H.N. Multiple pathogen biomarker detection
using an encoded bead array in droplet PCR. J. Microbiol. Methods 2017, 139, 22–28. [CrossRef]

216. Strohmeier, O.; Marquart, N.; Mark, D.; Roth, G.; Zengerle, R.; von Stetten, F. Real-time PCR based detection of a panel of
food-borne pathogens on a centrifugal microfluidic “LabDisk” with on-disk quality controls and standards for quantification.
Anal. Methods 2014, 6, 2038–2046. [CrossRef]

217. Pires, N.M.M.; Dong, T. Microfluidic Biosensor Array with Integrated Poly(2,7-Carbazole)/Fullerene-Based Photodiodes for
Rapid Multiplexed Detection of Pathogens. Sensors 2013, 13, 15898–15911. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/b978-0-12-397169-2.00067-6
https://www.who.int/news-room/fact-sheets/detail/campylobacter
https://doi.org/10.1016/b978-0-12-800245-2.00011-3
https://doi.org/10.1128/AEM.00096-20
https://doi.org/10.1039/D1AY00492A
https://doi.org/10.1016/j.mimet.2017.04.007
https://doi.org/10.1039/c3ay41822g
https://doi.org/10.3390/s131215898

	Introduction 
	Polymer and Paper-Based Microfluidic Fabrication Methods 
	Polymer Mold-Based Techniques 
	Hot Embossing 
	Injection Molding 
	Casting 

	Micromachining Techniques 
	3D Printing 
	Optical Lithography Techniques 
	Plasma Processing 
	Paper-Based Microfluidics 
	Wax Printing 
	Inkjet Printing 
	Optical Lithography 
	Screen Printing 
	Laser Processing Technology 
	Plasma Processing 
	3D Printing/Lamination Methods 


	Microfluidics and LOCs in Food Safety Applications 
	Microfluidics for the Detection of Foodborne Pathogens 
	Escherichia coli Detection 
	Salmonella Strains Detection 
	Listeria Monocytogenes Detection 
	Staphylococcus aureus Detection 
	Campylobacter spp. Detection 


	Conclusions and Discussion 
	Research Outlook of Microfluidics and LOCs 
	Industrial Outlook of Microfluidics and LOCs 

	References

