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Abstract

Microfluidic devices have become a vastly popular technology, particularly because of the advantages they offer over
their traditional counterparts. They have such a wide range of uses and can make complex tasks quite efficient. One area
of research or work that has benefited greatly from the use of microfluidics is biosensing, where microfluidic chips are
integrated into biosensor setups. There are growing numbers of applications of microfluidics in this area as researchers
look for efficient ways to tackle disease diagnostics and drug discovery, which are critical in this era of recurring pandem-
ics. In this work, the authors review the integration of microfluidic chips with biosensors, as well as microfluidic applica-
tions in biosensing, food security, molecular biology, cell diagnostics, and disease diagnostics, and look at some of the
most recent research work in these areas. The work covers a wide range of applications including cellular diagnostics, life
science research, agro-food processing, immunological diagnostics, molecular diagnostics, and veterinarian diagnostics.
Microfluidics is a field which combines fundamental laws of physics and chemistry to solve miniaturization problems
involving fluids at the nanoscale and microscale, and as such, the authors also examine some fundamental mathematical
concepts in microfluidics and their applications to biosensing. Microfluidics has relatively new technologies with great
potential in terms of applications.

Article Highlights

e This work highlights some key limitations of biosensors.

e The work reviews the advantages of integrating biosensors with microfluidic devices.

e The work also highlights different areas (applications) of biosensing that have benefited from the integration of bio-
sensing devices with microfluidics and a future overview.
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LOAD Lab on adisc

LOCC Lab on a cartridge chip

PCR Polymerase chain reaction

POCT Point-of-care testing

qPCR Quantitative real-time polymerase chain reaction

RPA Recombinase polymerase amplification

RT-LAMP Reverse-transcription loop-mediated isothermal amplification

COVID-19 Coronavirus disease 2019
SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
PDMS Polydimethylsiloxane

1 Introduction

Over the past few decades, there has been a surge in the emergence of new viral and bacterial strains around the world
[1]. Most recently, we had the COVID-19 pandemic, which was greatly devastating, killing millions of people around the
world. Viruses such as the Corona virus, such as SARS-COV, are constantly emerging and can lead to outbreaks, such as
epidemics and pandemics. This highlights the ever-growing importance of having reliable diagnostic tools and the urgent
need for fast development of treatments to reduce the spread of related illnesses. Biosensors coupled with microfluidic
chips and/or devices offer a promising performance enhancement for the development of effective biosensing devices.
Microfluidic chips were first introduced in the 1980 s by several researchers, including George Whitesides at Harvard
University, Stephen Quake at Stanford University, and Andreas Manz at Twente University based in the Netherlands [2].
Microfluidics refers to an interdisciplinary branch of science that looks at the manipulation of and the behavior of fluids
at the microliter and nanoliter volumes inside microsized channels. In the article by Yang et al. a microfluidic system or
device is defined or desribed as, “A small, non-turbulent, highly ordered, portable fluid flow system made up of several
microchannels molded or carved into a material” [3]. Microfluidic chips have found a considerable scope of applica-
tions since their inception, such as disease diagnostics [4-9], food security [10-13] and biological studies [14-20]. In
this review, the authors look at the application of microfluidics in biosensing work. Biosensors are described / defined
as a device that combines a biological recognition element (e.g., tissue, microbe, organelle, cell receptor, enzyme, or
antibody) with a transducer to detect and convert specific biological interactions or reactions into measurable signals
[21]. When the biological recognition element interacts with its target molecule in an introduced analyte, a physiologi-
cal chemical change occurs as a result of the interaction of the target analyte with the target biological substance. The
transducer then detects this change, which transforms it into an analog electronic signal for further processing and
analysis [21]. The scale of the analog electronic signal generated by the transducer has a direct proportionality relation
to the concentration of a particular analyte or the collection of analytes [22]. Biosensors consist of a biorecognition
element and a mechanism for transforming biological signals into quantifiable electrical signals, such as color, current,
voltage, capacitance, light intensity, wavelength, and phase. The critical factors to evaluate the performance of a biosen-
sor include sensitivity, stability, repeatability, response time in real-time and diagnosis, sample volume, consumption,
throughput, and user-friendliness [21].

Fig. 1 shows the critical metrics to consider when designing or analyzing a biosensor. An ideal biosensor should
exhibit high sensitivity, which is influenced by factors such as efficient capture of the analyte, accurate characterization
of the analyte, the ability to convert biological signals into electronic signals, and the impact of both systematic and
environmental interferences [23]. Stability and repeatability are crucial elements in evaluating biosensor performance.
Stability refers to a biosensor’s consistent and reliable performance under specified conditions or environments. This
aspect is particularly important for portable or wearable biosensors used in dynamic settings, where factors such as
temperature, velocity, humidity, pressure, and lighting conditions may vary. Repeatability, on the other hand, concerns
the consistency in the performance of a biosensor in the long run under identical conditions, which is crucial for ensur-
ing its reliability. In commercial biosensors, repeatability is often assessed regularly for recalibration purposes [21]. High
throughput is another important feature of biosensors, as research aims to develop devices capable of multitasking.
Additional key evaluation metrics include low sample volume consumption, user-friendly operation, and rapid response
or real-time analysis.
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Fig. 2 highlights several challenges encountered in the design of biosensors, such as specific and nonspecific bind-
ing, the design of the biosensor assay matrix, the properties of the bioreceptors and the detection of low concentration
target molecules in samples. Specific binding poses a challenge due to the complexity of the sample components, which
contain various molecules [24]. In such cases, ensuring the specificity of the biosensor is crucial to recognize the correct
target in a solution containing other molecules. For example, a biosensor designed to identify a particular antibody in
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human blood must be highly specific to eliminate interference from other antibodies, cells, and electrolytes in the sam-
ple. Nonspecific binding, or biofouling, can sometimes cause significant signal noise, drift, or delay in biosensors [25].
To minimize nonspecific binding, it is essential to thoroughly clean the binding region or surface with a buffer after the
binding process has been completed and before starting a new reaction. This step helps to reduce the weak binding
caused by nonspecific interactions [25-27]. Variability in bioreceptor properties can also present challenges. Even when
the same protocol is followed, bioreceptors can exhibit inconsistent coverage rates and repeatability [28-32]. Factors such
as operation and environment can greatly influence surface activation, modification, and functionalization protocols.
Thus, a thorough study of surface activation and comprehensive testing of surface treatment protocols are crucial before
conducting binding experiments. Furthermore, the immobilization process involving multiple layers on the biosensor
surface can be challenging to replicate. This is particularly true for stable sensor surfaces (metallic) such as gold, silver,
and silicon [25]. The alignment of bioreceptors also plays a significant role in the results of the binding event. Connecting
layer molecules are often randomly polarized and oriented, potentially causing destructive interference and reduced
collective charge polarization. This may cause a decrease in the sensitivity of the detection. In recent work attempts to
improve the sensitivity and limit of detection in biosensing work also include the use of quantum resources [33-37] and
machine learning [38, 39]. This outside of the scope of this work however.

Some of the advantages of microfluidic chips are shown in Table 1.

The microfluidics field began with the miniaturization of analytical chemistry methods to separate and analyze sample
mixtures. Miniaturization provides several advantages to microfluidic channels, such as reduced sample consumption,
lower contamination risk, lower cost per analysis, streamlined operations, increased sensitivity and specificity, and greater
reliability [25]. Microfluidics technology has become a popular research area due to its widespread use in science and
technology for applications such as cancer diagnosis, metastasis, drug delivery, and tissue engineering. The long-term
objective of microfluidic technologies is to create automation-based lab-on-chip systems, reducing time-consuming
clinical tests in various laboratories [44]. Microfluidic chips, which fall under the umbrella of microfluidics science, offer
the advantage of integration into experimental research laboratories for tasks that involve sample preparation, reaction,
separation, and detection [45].

Microfluidic systems exhibit two primary types of flows, illustrated in Fig. 3 continuous and discrete, which are influ-
enced by external factors [47]. Continuous flow microfluidics (Fig. 3b) enable the precise control of liquid flow through
microchannels using integrated external pressure pumps or mechanical micropumps. Such continuous flow processes
find application across various fields including bioanalytical, chemical, energy, and environmental studies [48]. In contrast,
droplet microfluidic devices employ discrete water droplets within an immiscible oil phase, stabilized by surfactants,
serving as microscale sample containers. This discrete flow can be further categorized into segmented-flow microfluidics
and Digital Microfluidics (DMF) [48, 49]. The Micro-droplet approach, a high-throughput technology, minimizes reagent
usage, offers user-friendly operation, and mitigates cross-contamination between reagents [50].

Pang et al. [51] investigated a droplet-based Microfluidic System (MFS) and its impact on flow dynamics using a
continuous stream of two or more immiscible fluids at a T-junction, a commonly used geometric configuration (Fig. 3c).
The T-junction microscale channel consists of two inlets and one outlet for droplet formation, with channel geometries
significantly influencing the process. Under varied parameters, three key guidelines for drop formation emerge: drip-
ping, squeezing, and parallel flowing streams. In the dripping regime, droplet breakup occurs when viscous shear stress
surpasses interfacial tension, akin to the breakup of spherical droplets. Adjusting the capillary number appropriately

Table 1 Advantages of microfluidics in biosensing

Advantages Description

Precise control over experimental Microfluidics allow for precise control of flow rate, sample volume, channel volume, channel height, and

conditions reaction time, enabling greater accuracy and reproducibility of results [40, 41]
Reduced diffusion distance Microfluidic chips reduce the diffusion distance between the binding molecules, which can reduce the
assay time and improve sensitivity by increasing the interaction between the molecules [29]
Laminar flow Laminar flow in microfluidic channels distributes the analyte molecules broadly and uniformly on the

sensing surface, allowing for more uniform binding and detection [23]

Integration of multiple functions  Microfluidic chips can integrate multiple functions in a single device without the need for additional
equipment or tools, allowing for streamlined and automated biosensing systems [42]

Automation Microfluidic chips enable the automation of biosensing systems due to their ability to integrate many
functions, increasing efficiency and reducing the potential for human error [43]
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ensures droplets are emitted without channel blockage; conversely, low capillary numbers can obstruct the continuous
phase, leading to increased hydrodynamic pressure and subsequent droplet pinch-off. Flow-focusing techniques, widely
utilized for droplet fabrication, involve coaxially aligning a nozzle with a downstream orifice. The fluid in the orifice applies
shearing force, facilitating droplet production [52, 53].

2 Measures in microfluidics

The development and manufacture of microfluidic devices typically involve several steps, including design and simula-
tion, fabrication, and testing and validation. For this reason, it is crucial to understand some fundamentals of microfluidic
devices and microfluidic flow. In this section, we will look at some mathematical concepts involved in studying micro-
fluidic devices. These mathematical tools are critical not only to developing a critical understanding of the microfluidic
design process. The design and simulation step involves creating a computer model of the device using software such
as COMSOL or ANSYS. This model is then used to optimize the device's performance and to predict how it will behave
in real-world conditions. The fabrication step involves the creation of the device using microfabrication techniques
such as photolithography, etching, and bonding. The test and validation steps involve the use of the device to analyze
samples and compare the results with known standards to ensure the accuracy and reliability of the device. In summary,
microfluidic device development and manufacture refers to the design and fabrication of microfluidic devices that can
be used to analyze molecules at the single-molecule level.

Most microfluidic flows are pressure-driven, where capillary forces are applied to accelerate liquids [54]. For a clas-
sification of pressure measurement techniques in microchannels according to the kinds of sensor elements employed,
see Fig 5. The mechanism at which fluid flows is of importance, especially considering biological species for passage they
took towards the target area. In most cases, the solid microfluidic walls restrict the flow and, while the open walls with air
interfaces provide the flow without restriction [55]. The flow of liquid can be laminar turbulent, and it is possible for flow
to be both laminar and turbulent, depending on the force applied. The small dimensions of microchannels automate
the microfluidic process to generate laminar flow rather than turbulent flow [56]. However, the best way to determine if
the flow is turbulent or laminar is to apply the Reynolds number (See Eq. 1):

_ pvI2hw /(h + w)]
n

Re (1
Re is the dimensionless Reynolds number, p is density,  is the dynamic viscosity of water, w is the linear flow velocity, h
is the channel height, and w is the channel width [56]. When the numerical number above 2000 indicates the turbulent
and when below 2000 it indicates laminar flow [57]. The velocity which the liquid accelerates upon entrance has effects
on the flow; in all cases laminar flows are caused by small velocity upon entrance, while turbulent flows are caused by
high velocity. The higher capillary force induces a higher flow velocity, which causes movement to be irregular instead
of parallel, turbulent flows are characterized by irregular flows while laminar flows are characterized by parallel flow
movement [58]. In microfluidics, other commonly used measures are shown in Fig. 4
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Table 2 Dimensionless measures in fluid dynamics and transport phenomena
Measure Symbol Description
Reynolds number Re This quantity measures the ratio of inertial forces to viscous forces [61]
Capillary number Ca This quantity measures the ratio of viscous forces to capillary forces [62]
Bond number Bo This quantity measures the ratio of gravitational forces to capillary forces [63]
Péclet number Pe This quantity measures the ratio of convective heat transfer to conductive
heat transfer [64]
Weber number We This quantity measures the ratio of inertial forces to surface tension forces [65]
Ohnesorge number Oh This quantity measures the ratio of viscosity to surface tension [66]

The inertial force is a force that acts on an object due to its mass and acceleration. The inertial force is also known as
the force of inertia. According to Newton'’s first law of motion,” An object in motion will remain in motion at a constant
velocity unless acted upon by an external force" [67]. The inertial force arises from this law and represents the resistance of
an object to change its velocity. The larger the mass of the object, the greater its inertial force. In fluid mechanics, inertial
force is a term used to describe the force due to the velocity and acceleration of the fluid. Inertial forces in fluid flow are
proportional to the product of the fluid’s density and the square of its velocity. Inertial forces play a crucial role in the flow
of fluids, particularly in high-speed flows, where the fluid velocity is large. In microfluidics, the Reynolds number is used to
characterize fluid flows on the basis of the relative magnitude of inertial forces to viscous forces. The Reynolds number is
a useful tool for designing microfluidic devices and for controlling fluid flows in these devices. Viscous force is a frictional
force that acts on an object due to friction within a fluid through which the object is moving. In fluid mechanics, a viscous
force arises from friction between the fluid layers as they move past each other. This friction creates resistance to fluid
flow and a force that acts to slow the fluid velocity. The magnitude of the viscous force is proportional to the viscosity of
the fluid, the velocity gradient, and the area over which the force acts. In microfluidics, the viscous force plays a crucial
role in the flow of fluids through small-scale channels and devices. Adjusting the Reynolds number allows researchers
to produce laminar or turbulent flows, which can be useful for different types of microfluidic applications. Table 2 shows
the dimensionless measures in fluid dynamics and transport phenomena.

Microfluidics is also described as a sub discipline of fluid mechanics that studies the fundamentals equations that describe
the physics of fluid at larger length scale identical to the equations underlying microfluidics [68]. These equations are the
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Navier-Stokes equations. The Navier-Stokes equations are a set of partial differential equations named after the French
mathematician and physicist Claude-Louis Navier and the Irish mathematician George Gabriel Stokes [69]. In microfluidics,
the Navier-Stokes equations are used to study the flow of fluids in channels with dimensions on the order of micrometers.
This is important for several applications, including the development of microfluidic devices for lab-on-a-chip systems,
which can be used for a variety of applications, such as medical diagnostics, chemical synthesis, and environmental moni-
toring [70]. By solving the Navier-Stokes equations for specific microfluidic geometries and fluid properties, researchers
can gain insights into the behavior of fluid flows in these systems. For example, they can study the flow of different fluids in
microfluidic channels, including their velocity, pressure, and mixing behavior, which can be used to optimize the design of
microfluidic devices for specific applications. Additionally, the Navier-Stokes equations can be used to study the behavior of
complex fluid flows, such as the flow of non-Newtonian fluids or the flow of fluids with multiple phases, which are important
for many applications in microfluidics [71]. Solving the Navier-Stokes equations for microfluidic systems can be challeng-
ing, especially when considering the small length scales and high Reynolds numbers involved. The equations are typically
solved numerically using methods such as a finite difference or finite volume or using simulations using software such as
OpenFOAM or COMSOL. Limit conditions must also be carefully defined and considered in simulations, as they can have a
significant impact on flow behavior [72].
The Navier-Stokes equation is given as,

av 1 P

E+(V-V)v_—;Vp+vV v, (2)
wherev is the velocity vector of the fluid, t is time, p is the density of the fluid, p is the pressure, v is the kinematic viscosity
and V is the del operator representing the gradient.
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The Navier-Stokes equations are derived from the principles of mass, momentum, and energy conservation. These
principles can be mathematically expressed [73]. The principle of mass conservation states that, “The principle of mass
conservation states that the rate of change in mass in a control volume is equal to the rate of mass flow into the control
volume" [74]. This can be expressed mathematically as shown in Eq. 3:

dp
— 4+ V(pu) =0.
py (pu) 3)
Where p is the fluid density and u is the fluid velocity. The principle of momentum conservation states that, “The rate
of change in momentum in a control volume is equal to the net force acting on the control volume" [75]. This can be
expressed as in Eq. 4:

dpu 5

7+V(pu)=—Vp+vV u+F. (4)
Where p is the fluid pressure, v is the fluid viscosity, and F is the body force per unit volume. The principle of energy
conservation states that, “The rate of change of energy in a control volume is equal to the net rate of energy flow into
the control volume" [75]. This can be expressed as in Eq. 5,

oE 2
o + V(UE) = =pVu +vVu* +e. (5)
Where E is the fluid internal energy per unit volume and e is the fluid dissipation per unit volume. By combining these
three principles, we obtain the Navier-Stokes equations, which describe the motion of fluid substances and can be used
to study fluid flows in a variety of systems, including microfluidic devices. The Navier-Stokes equations are a set of partial
differential equations (PDEs) that describe the motion of fluids and are widely used in microfluidics applications. They
are used to predict the flow behavior of fluids in small devices and channels, which can have a significant impact on the
behavior of the fluid and its transport properties [76].

3 Materials

The success of fabricating microfluidic devices depends on the materials used, as they have an impact on the proper-
ties of devices [79]. The different fabrication techniques which can be used to develop microfluidic chips are shown in
Fig 6 (These are described more indepth in Table 3). Recently, different materials such as silicon, quartz, glass, ceramics,
polymers, and metals have been used to fabricate microfluidics, and each material shows difference in functionalities
per device [80]. Silicon has been used to fabricate microfluidic chips since the origin of microfluidics because of its resist-
ance to organic solvents, ease in metal deposition, high thermoconductivity, and electro-osmotic mobility [79]. The
wide surface area of silicon allows for modifications on its surface and that made it flexible for the manufacture of thin
membranes, which decreases thermal mass and allows high temperature ramp rates [81]. Silicon has a high conductivity,
which is important for a large temperature distribution when used [81]. Although silicon is a good material, its opacity
properties have limitations and make it incompatible for optical detection in the visible and ultraviolet regions [79, 82].
Glass microfluidics have good optical transparency, inertness, thermostable, electrical insulation properties, and are
compatible with biological samples [79-81]. Glass microfluidics also have good detection performance and allow for
high-pressure and high-temperature experiments due to glass property [79]. The disadvantage of glass is the cost of the
instruments for fabrication and the bonding of the etched devices to form microfluidics requires a high temperature or
pressure [80, 81]. However, chemical etching is impractical for prototyping applications since it requires the use of a clean
room environment and generates toxic by-products [79-81]. For prototype purposes, however, chemical etching is not
feasible due to the need for a clean environment and the hazardous byproducts it creates. [81]. Poly dimethyl siloxane
(PDMS) is one of the most widely used plastics to fabricate microfluidic. The inert surface of pdms is reactive with many
reagents and the surface can be modified, the material is not toxic to biological samples [83, 84]. A PDMS-made micro-
device can be used to detect bacteria, protein, and DNA, this advantage is good for disease detection.
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4 Areas of biosensing making use of microfluidics

In this section, we look at the applications of microfluidics in different areas of biosensing research. Because of the
convenience which microfluidic chips bring they are very attractive in many areas of research. Microfluidic biosensors
are currently widely used in a variety of domains, including both practical application and basic research. We will not
present an exhaustive list of application fields in this section. Rather, we will highlight the most recent advancements
and developments in research, particularly as they relate to the use of microfluidic biosensing. Figure 8 shows the
list of areas in which microfluidic chips are used and the areas which will be discussed in this section. Microfluidic
devices can be classified on the basis of the microfluidic system they use (see Fig. 7).

4.1 Microfluidics in cellular diagnostics

Microfluidic devices have been used extensively in cellular diagnostics for a diverse range of applications which
include cell sorting, cell culture, and genetic analysis [46, 94, 95]. A hypothetical device for cell extraction is shown
in Fig 9. Microfluidic systems offer high-level precision and accuracy in performing measurements on single cells or
large populations [96]. With the average cell size being a few micrometers, it is necessary to build devices that interact
with cells using the characteristics of microengineered devices on a similar size scale [97]. The use of microfluidic
devices allows the position of cells and the environment to be controlled using a variety of cellular microfluidic build-
ing blocks and measurements can be taken in situ or after processing with little to no operator intervention. This
allows high-throughput cell culture, labeling, and imaging while also allowing selection, lysing, and analysis of the
contents of a single cell [98-101]. Recently, a microfluidic flow-free automated immunoassay method for CD4 cell
counting was developed. The developed microfluidic device uses magnetic beads coated with antibodies to generate
a flow-free magnetic actuation platform that efficiently gathers CD4+T cells from a 30uL drop of whole blood [102].
The innovative tool extracts CD4+ T cells from a complete blood drop using highly specific antibody-conjugated
magnetic beads; debris and other unattached entities are subsequently removed by washing [103]. This device uses
a disposable microfluidic chip in place of manual sample preparation, washing, and lysis procedures. Furthermore,
advancements in micro/nanotechnologies and consumer electronics have made it possible to build mobile health-
care technologies, including POC smartphone microfluidic-based diagnostic assays for iliness detection and therapy
monitoring [104]. A disposable microfluidic chip that has been functionalized and a mobile phone make up the
microfluidic-based smartphone gadget. Table 4 shows example applications of microfluidics in cellular diagnostics.
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Fig. 7 The figure shows the Syringe (Pump)
range of microfluidic systems

(a) continuous; (b) drop- Fluid flow
based; and (c) digital. It was
taken with permission from (@ ﬁ Outlet
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Fig. 8 The figure shows the
range of applications of
microfluidics in biosensing AD
and diagnostics. It was drawn 0{'30
from information taken from
[23]
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4.2 Microfluidics in molecular diagnostics

Most molecular diagnostic assays are performed in laboratories by trained personnel and require manual manipula-
tion of tiny-volume reagents and specialized tools [112]. This can be a very centralized and time-consuming process
which can be made to operate in a more portably, at high-speed, and low-cost way by using a microfluidic device.
For example, both the pre- and post-PCR test procedures can be integrated into the cartridge format using micro-
fluidic devices, which may also result in a reduction in the amount of reagent needed [113-116]. The goal in using
microfluidic devices here is to ensure that the user experience be as easy as inserting the cartridge into the instru-
ment after loading the specimen, thus opening up a wider range of users and use cases. In this context, microfluidic
chips can be used for a variety of applications, including genetic testing, disease diagnosis, and drug discovery [117,
118]. An example application of microfluidic molecular diagnostics is the use of microfluidic laboratory-on-a-chip
devices for the detection of genetic mutations associated with diseases such as cancer [119-121]. These devices
use microfabricated channels and sensors to isolate and analyze individual DNA molecules, allowing the detection
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Fig. 9 This digram shows the design of a hypothetical device for simultaneous examination of circulating tumor cells (CTCs) and circulat-
ing biomolecules like proteins and DNA from whole blood. The device channels whole blood through various small chambers and chan-
nels, utilizing multiple microscale separation methods to segregate different elements, including immune cells, CTCs, circulating tumor DNA
(ctDNA), proteins, and exosomes. Subsequently, these cells and substances are either collected for further analysis or examined directly
within the device. It was taken with permission from [111]

of specific mutations associated with the disease [122]. Microfluidic devices that detect viral particles can rapidly
isolate and analyze viral particles, allowing for the early diagnosis of the disease. Figure 10 shows example steps
which are necessary for nucleic acid testing, which is useful for molecular diagnostics. The first step is preprocessing
off the chip, which is followed by on-chip sample processing and nucleic acid amplification. This is followed by an
off-chip signal read-out.

There are several steps that can be replaced with microfluidic chips, such as nucleic acid isolation. After the sample
(either liquid or solid) is applied directly to a chamber on the microfluidic cartridge, automated sample preparation
procedures carried out on board a microfluidic device can be used to isolate and purify nucleic acid [122]. Amplification
in microfluidic cartridges and many amplification techniques, including PCR (end point, LAMP), qPCR, and RT-PCR, have

Fig. 10 This digram shows
the main steps when using
microfluidics-based strategies
for molecular diagnostics of
infectious diseases. This image
is taken from [123] which has
given right to the work under
an open license, the article

is licensed under a Creative
Commons Attribution 4.0
International License
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been performed effectively [122, 124, 125].Detection fluorescence, optical absorption, and electrochemical detection
are just a few examples of the various detection techniques that can be used. When immobilized on a surface orin a
carefully regulated compartment, the target amplicon can be quantified (e.g. microarray) [126]. Using a twofold filtration
microfluidic system, a molecular diagnostic tool was created that can quickly separate exosomes in POC environments
by applying size-exclusion principles. The apparatus can successfully extract exosomes from 50 to 100 pL of plasma in
50 min. The apparatus was contrasted with a widely used exosome isolation method, polyethene glycol (PEG)-based
precipitation [127, 128]. Because the microchip is meant to be used just once, it may be readily disposed of after use.
The main goal is to use the developed apparatus to concentrated exosomes found in trace levels in human biological
samples. After that, the concentrated exosome sample can be applied to goals related to diagnosis and treatment [129].
Table 5 shows example applications of microfluidic devices in molecular diagnostics.

4.3 Microfluidics inimmunological diagnostics

Immunological diagnostic devices are used to detect the presence of specific antigens or antibodies in a patient’s sample,
such as blood or urine [136-139]. These devices can be used to diagnose a wide range of conditions, including infec-
tious diseases, autoimmune disorders, and cancers [140, 141]. The earliest disposable point-of-care diagnostics were
immunological tests, which are still the most common microfluidic diagnostic today [142].

Microfluidic immunological diagnostics often allow the assay to be reduced to only a few steps in the procedure,
providing quick findings with minimal user involvement [144]. This may lead to extremely affordable and user-friendly
biosensors, e.g. lateral flow assays. Strict controls are required to ensure that the antibodies utilized remain in a stable
condition and that the reagents are added in a repeatable and regulated manner. An example application where micro-
fluidics could be integrated in immunology studies is shown in Fig. 11, microfluidic chips can be integrated with lateral
flow assays for development of better biosensing devices. If there are multiple reaction sites in a experiment and controls
when multiple targets are required require a more sophisticated implementation, microfluidics have the ability to reduce
this complexity. In traditional sandwich immunoassay, a capture antibody is used to immobilize the target analyte in the
samples. The target must be supplied over the capture surface of the prepared specimen on a cartridge at a flow rate
compatible with the kinetics of protein binding [145]. Table 6 applications of microfluidics in immunological diagnostic
device development and manufacture.

There are several different types of immunological diagnostic devices, including:

o Enzyme-linked immunosorbent assay (ELISA): This is a widely used assay to detect specific proteins in a sample. ELISAs
can be used to detect antibodies or antigens in a sample and are often used for diagnostic purposes [146-149].

e Rapid diagnostic tests (RDT): RDTs are simple point-of-care diagnostic tests that can provide results in a matter of
minutes. These tests are often used in resource-limited settings and can be used to diagnose a wide range of condi-
tions, including infectious diseases such as malaria, HIV, and dengue fever [150-152].

e Western blot: This is a laboratory-based assay that is used to detect specific proteins in a sample. Western blots are
often used to confirm the results of ELISAs and are considered a gold standard assay for protein detection [153, 154].

4.4 Microfluidics in life-science research

The study of life and organisms, including humans, is the focus of a wide range of applications in the subject of life sci-
ences research [160]. Figure 12 shows applications of microfluidics in life sciences research. In comparison to conven-
tional benchtop methods, microfluidic life-science devices can provide several benefits, including high throughput and
repeatability as well as decreased cost and complexity. Lab-on-chip devices provide a highly regulated environment
onboard that offers additional practical, physical, and technological benefits for researching biological systems in addi-
tion to speed and cost advantages. Microfluidic chips small-scale properties let scientists do experiments that would be
impractical on a bench top. For instance, precise manipulation of individual cells in vitro is made possible by designed
features at the cellular scale [156, 161]. Additionally, because microfluidic life-science devices are frequently made to
operate with other tools and apparatus, they are simple to integrate into existing infrastructure and automated or com-
puterized workflows. Microfluidics have become increasingly popular in the life sciences, as it allows for precise control
over the environment of cells and other biological samples and enables the development of new types of assays and
techniques. There are a wide range of microfluidic products (Table 7) that have been developed for life science research,
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Influenza A virus

Fluorescent
Imaging

= Loading

B\

Dilution Incubation Enrichment

oo

Fig. 11 This digram shows an illustrative depiction of the fluorescent lateral flow assay (LFA) utilizing magnetic quantum dot nanobeads
(MQBs). This assay enables swift enrichment and remarkably sensitive identification of the influenza A virus within a human specimen. This
image is used with permission and has been taken from [143]

including cell culture platforms, chip-based PCR systems, and lab-on-a-chip devices for genetic analysis [162, 163]. Some
examples of these products include:

e The C1 Single-Cell Auto Prep system, developed by Fluidigm, is a microfluidic device that allows for the isolation and
analysis of individual cells from a sample [164]. It can be used for a variety of applications, including single-cell RNA
sequencing and CRISPR-based genome editing [165].

e The RainDrop Digital PCR system, developed by RainDance Technologies, is a microfluidic device that enables highly
sensitive and specific detection of DNA and RNA [166, 167]. It can be used for applications such as cancer research,
genetic testing, and pathogen detection.

e The Cytosort Single-Cell Platform, developed by BD Biosciences, is a microfluidic device that allows for the isolation
and analysis of specific cell populations from a sample [168, 169]. It can be used for a variety of applications, including
stem cell research and immunology.

4.5 Microfluidics in veterinarian diagnostics

A veterinarian microfluidic diagnostic device is a device that is used to diagnose various diseases and conditions in
animals [176-178]. Testing for companion animals (pets) and cattle makes up most of the veterinary diagnostic market.
Pet diagnostics are moving toward automation in centralized labs with an emphasis on high throughput and quick
turnaround [179]. Regular biochemistry, immunodiagnostics, hematology, urinalysis, molecular diagnostics, and uri-
nalysis are examples of common companion animal diagnostics that are like human pathological tests [180, 181]. One
example of a veterinarian microfluidic diagnostic device is a portable device for the detection of tick-borne diseases in
dogs [182]. A small blood sample from the dog and runs it through a microfluidic chip that is capable of detecting the
presence of multiple tick-borne diseases, such as Lyme disease, in a single test [183]. Another example is a point-of-care
diagnostic device for the detection of Canine parvovirus (CPV) in dogs [184]. Microfluidic devices can detect CPV with
high accuracy and sensitivity using a small blood sample from the dog. Table 8 shows applications of microfluidics in
veterinarian diagnostic device development and manufacturing.

4.6 Microfluidics in agro-food testing
Microfluidic technology is increasingly being used in the agro-food industry for testing and analysis of food products

[189, 190]. Microfluidic devices are small, portable, and cost-effective, and can be used to perform a wide range of tests,
including food safety, authenticity, and quality control [191]. When microfluidic devices are compared with traditional
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Fig. 12 a Microfluidic devices show promise for assessing individual patient responses to treatments. These devices use surgical or biopsy
specimens for both histopathological examination and molecular analysis. The tissue is further processed to extract patient-specific cells,
which are then cultivated outside the body. Various cell types, including tumor, stromal, endothelial, and lymphatic cells, are grown within
the microfluidic system. The device then monitors their functional response, offering insights into tumor progression and patient outcomes.
b Microfluidic systems can also integrate with other in vitro culture advancements, such as 3D bioprinting. This combination allows for the
creation of intricate structures using biologically sourced extracellular matrices, enhancing the complexity and relevance of the models. ¢
The ability of microfluidic devices to handle numerous samples simultaneously positions them as effective tools for extensive drug screen-
ing. This high-throughput capacity is crucial for identifying the most suitable drug for each patient, tailoring treatment on an individual
basis. This image is used with permission and has been taken from [111]
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benchtop techniques, the agro-food industry can benefit from a number of these benefits. These benefits include afford-
ability, speed of execution, great sensitivity, small size, high throughput, and minimal consumption of samples and
reagents. In addition, many lab-on-chip technologies significantly lower the level of testing expertise needed. Small
amounts of complex fluids can be measured effectively and quickly using microfluidic devices. Therefore, they are well
adapted for the rapid and accurate detection of infections, poisons, chemical traces, and heavy metals in food [192-195].
An example of a microfluidic agro-food testing device is a portable device for the detection of food-borne pathogens,
such as E. coli and Salmonella [196-199]. These devices utilize microfluidic technology to isolate and amplify DNA from
food samples, allowing for rapid and accurate detection of pathogens. Another example application is in the detection
of genetically modified organisms (GMOs) in food products [200-203]. The microfluidic devices isolate and analyze DNA
from food samples, allowing for the detection of GMOs with high accuracy and sensitivity. In addition to food safety and
authenticity, microfluidic technology can also be used for the analysis of food quality and composition [204, 205]. For
example, a device that utilizes microfluidic technology for the analysis of sugar content in fruits [206, 207]. The device
can be used to detect the sugar content of fruits and to check its quality. Figure 13 shows areas in agro-food tesing which
could benefit from the integration of microfluidic devices by improving the detection of toxic materials. Table 9 shows
the diverse range of applications of microfluidics in agro-food testing.

5 Microfluidcis for virus capture, quantification, and detection

The application of microfluidics in virus capture, quantification, and detection represents a significant advancement in
biomedical and diagnostic technology [214-216]. Early and accurate detection of viral infections is critical for effective
disease management and control. Accurate quantification of viral particles is essential for various applications, including
disease diagnosis, monitoring viral load in patients, and assessing the efficacy of antiviral therapies (Fig. 14). One approach
to virus quantification involves leveraging the optical, fluidic properties of microfluidic devices by combining fluorescence
or luminescence-based detection methods with microfluidic channels, researchers can achieve real-time monitoring of
virus concentrations in biological samples [217, 218]. This enables rapid and quantitative assessment of viral load with
high sensitivity and specificity. Furthermore, the integration of computational analysis software allows for automated
processing of imaging data obtained from microfluidic-based virus quantification assays. Advanced algorithms can
analyze the spatial distribution and intensity of fluorescent signals associated with captured viruses, enabling precise
quantification even at low concentrations. The combination of microfluidics with advanced imaging technologies, such
as lensless microscopy or smartphone-based imaging, enables real-time visualization and analysis of captured viruses
[219]. These compact and portable imaging systems eliminate the need for bulky and expensive microscopy equip-
ment, making virus detection more accessible and scalable. Machine learning algorithms can be trained to recognize
patterns associated with specific viruses, further enhancing the sensitivity and specificity of detection assays [220]. These

Fig. 13 This digram shows an
illustrative depiction of the
agroprocessing areas where
microfluidic devices can have
an impact. This image is used
with permission and has been
taken from [208]
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Fig. 14 This picture shows the
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miniaturized and integrated systems offer rapid, sensitive, and cost-effective solutions for a wide range of applications
in biomedical research, clinical diagnostics, and public health surveillance. An innovative, reasonably priced tool for
quantifying HIV-1 viral particles was developed which uses a portable lensless imaging device, magnetic beads coated
with antibodies, a surface-functionalized microprocessor, and computational analysis software [221]. The instrument
measures the HIV-1 viral load in biological samples using function-alized microfluidic chip surfaces and high refractive
index magnetic microbeads [222]. Microfluidics holds great promise for revolutionizing virus capture, quantification, and
detection technologies. Table 10 shows the diverse range of applications of microfluidics in virus capture, quantification,
and detection..

6 Comparison of different microfluidic devices

Microfluidic devices are versatile tools used in various fields, including biology, chemistry, engineering, and medicine.
Here we compare different types of microfluidic devices based on their design, applications, advantages, and limitations:

1. Continuous Flow Microfluidic Devices [226]:

e Design: These devices operate by continuously pumping fluids through microchannels.

e Applications: They are commonly used for chemical synthesis, cell culture, drug delivery, and DNA analysis.

e Advantages: Offers high throughput, precise control over flow rates, and compatibility with standard laboratory
equipment.

e Limitations: Limited ability to handle discrete samples, and can suffer from clogging issues due to small channel
dimensions.

2. Digital Microfluidic Devices [227]:

e Design: Utilizes electric fields to manipulate discrete droplets of fluids on a substrate.

e Applications: Widely used in biochemical assays, point-of-care diagnostics, and sample preparation for sequenc-
ing.

e Advantages: Enables precise handling of individual droplets, reduces sample volume requirements, and allows
for automation of complex protocols.

e Limitations: Limited scalability for high-throughput applications, and challenges in achieving uniform droplet
manipulation at high speeds.
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3. Paper-Based Microfluidic Devices [228]:

Design: Utilizes paper as a substrate for fluid manipulation via capillary action.

Applications: Suitable for low-cost diagnostics, environmental monitoring, and resource-limited settings.
Advantages: Low-cost fabrication, simplicity, and portability.

Limitations: Limited precision and sensitivity compared to other microfluidic platforms, restricted to relatively simple
fluid handling tasks.

4. Organ-on-a-Chip Devices [229]:

e Design: Mimics the structure and function of human organs using microfluidic channels and living cells.

o Applications: Used in drug screening, disease modeling, and personalized medicine.

e Advantages: Provides a physiologically relevant environment for studying organ-level responses, reduces the need
for animal testing, and enables tailored drug testing.

e [Limitations: Complexity in design and fabrication, challenges in recapitulating the complexity of native tissue environ-
ments, and limitations in long-term culture stability.

5. Lab-on-a-Chip Devices [230]:

e Design: Integrates multiple laboratory functions onto a single chip, typically including sample preparation, analysis,
and detection.

e Applications: Widely used in clinical diagnostics, environmental monitoring, and food safety testing.

® Advantages: Reduced sample and reagent consumption, rapid analysis, portability, and potential for automation.

e Limitations: Initial setup costs can be high, complexity in chip design and integration, and challenges in achieving
standardization and mass production.

Each type of microfluidic device offers distinct advantages and limitations, making them suitable for different applications
and research needs. The choice of device depends on factors such as desired throughput, sample volume, complexity of the
experiment, and available resources.

7 Challenges and limitations

One of the primary challenges in microfluidic biosensing is the complexity of sample preparation. Real-world samples often
contain a myriad of interfering substances, requiring intricate pre-processing steps to isolate target analytes effectively. Inte-
grating these steps seamlessly into microfluidic platforms while maintaining simplicity and efficiency remains a significant
hurdle [231]. Achieving high sensitivity and specificity in detection is crucial for accurate biosensing. However, microflu-
idic systems may encounter limitations in detecting low-concentration analytes or distinguishing between closely related
analytes, especially in complex biological matrices [232]. Enhancing the signal-to-noise ratio and improving selectivity are
ongoing challenges. While miniaturization is a hallmark of microfluidics, scaling up these devices for practical applications
without compromising performance remains a challenge. Issues such as uniformity of flow, reproducibility, and integration
with other components become more pronounced as device size decreases. Developing scalable fabrication techniques and
robust manufacturing processes is essential for widespread adoption. The materials used in microfluidic devices must be bio-
compatible to ensure minimal interference with biological samples and compatibility with downstream analysis techniques
[233]. However, many conventional materials pose challenges in terms of biocompatibility, chemical inertness, or optical
transparency. Exploring novel materials and surface modifications to address these concerns is an active area of research.
Scaling up production is also another problem [231]. Despite advancements, the cost of microfluidic devices and associated
instrumentation remains a barrier to widespread adoption, particularly in resource-limited settings. Developing low-cost fab-
rication methods and user-friendly platforms is essential to democratize access to microfluidic biosensing technology [234].

8 Future outlook
Combining multiple detection modalities, such as optical, electrochemical, and mechanical sensing, can enhance sensi-

tivity and specificity while enabling multiplexed analysis. Future microfluidic biosensing platforms may leverage these
multimodal approaches to overcome limitations associated with individual detection techniques [235-238]. Integration of
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nanomaterials and nanotechnology holds promise for enhancing the performance of microfluidic biosensors [239-242].
Nanomaterials exhibit unique properties such as high surface-to-volume ratio, tunable surface chemistry, and enhanced
signal amplification, making them attractive candidates for improving detection sensitivity and selectivity. Continued
efforts in developing on-chip sample preparation and analysis techniques can streamline workflows, reduce sample
loss, and improve overall assay performance [243-245]. Integration of techniques such as droplet microfluidics, acoustic
manipulation, and digital microfluidics can enable precise control over sample handling and processing steps. Another
key area of application for microfluidic devices is in the development of point-of-care devices. The development of
portable, easy-to-use microfluidic devices for point-of-care applications holds immense potential for revolutionizing
healthcare delivery. Future research efforts should focus on designing robust, user-friendly platforms capable of deliver-
ing rapid and accurate diagnostic results outside of traditional laboratory settings. With the advent of big data analytics
and machine learning algorithms, there’s an opportunity to extract valuable insights from complex biosensing data
generated by microfluidic devices. Integrating advanced data analytics tools into microfluidic platforms can improve
decision-making processes and facilitate personalized healthcare solutions [246-249]. Numerous research teams have
developed cutting-edge methods for creating and characterizing microfluidics devices. Nonetheless, it is imperative
to evaluate scholarly findings in the context of commercialization. It is important to work on accelerating this shift and
closing the knowledge gap between business and academics. One of the top priorities for the commercialization of
microfluidics systems should be the development of appropriate and generally recognized standardized methodologies.
Microfluidics technology is a rapidly developing discipline that holds out endless possibilities [250]. Its growth curve
is gradually gaining the necessary capacity to propel it out of the research lab and into practical applications in POC
diagnostics and healthcare.

Given the current developments in immunosensors, microelectronic devices, and biomarker identification, microflu-
idics holds great promise for the creation of practical POC diagnostic instruments. Microfluidics and microarray-based
tailored diagnostic tools may become commonplace in critical care, genetic screening, and disease screening applica-
tions. One special application of integrated microfluidic microarray chip technology that has been demonstrated is the
parallel and quick screening for the simultaneous detection of many bioanalytes [109, 251-253]. One could argue that
the shift in society’s reliance from traditional biochemical assays to clinical diagnostic equipment based on microfluidics
represents a fundamental advancement in point-of-care and efficient illness management. The intended expansion of
POC diagnostics requires research and development in the design of innovative devices, clinical assessment, and eventual
commercialization. Moreover, prompt action is necessary to address the difficulties posed by the thorough gathering and
examination of the enormous volume of data derived from a single patient. Additive manufacturing, i.e., 3D printing, is
another tool that has great potential to develop future microfluidic devices [254-256].

9 Conclusion

The world was hit by a major shock in the form of the COVID-19 pandemic and it became quickly clear that from a
diagnostic perspective, the world was not ready to effectively handle such pandemics. Therefore, it is essential that new
diesease detection technologies continue to be developed in preparation for another pandemic. Microfluidic devices
offer many advantages, particularly to biosensing-related work, and have the potential to make our biosensors far more
rapid and effective than they are in their current state. This work tries to highlight the advantages that may be possible
from working with microfluidic devices in the biosensing space and food/agroprocessing space. Microfluidic chips have
a wide range of applications and are proving to be very effective devices that can enhance and automate many complex
experiments in the biosensing space. This work reviewed some fundamentals of biosensing and also reviewed some
fundamentals of microfluidic devices along with their integration with the biosensors and potential applications of
thesemicrofluidic-biosensor hybrid devices. In this paper, the authors reviewed the integration of microfluidic devices
with biosensors and their application as biosensing devices. In conclusion, the ever-expanding application of microfluidic
devices in various fields, specifically biosensing, shows the potential of these technologies to revolutionize disease diag-
nostics, drug discovery, food security, and other critical areas. By synthesizing fundamental mathematical concepts with
the intricate physical and chemical properties of fluids on a nanoscale, microfluidic devices allow for the miniaturization
and enhancement of complex processes. As this review has detailed, from cellular diagnostics to veterinarian diagnostics,
the practicality of microfluidics continues to expand and redefine boundaries. In the future, the continued integration
of microfluidic technologies with various biosensing methods could pave the way for unprecedented advances in the
treatment of recurring pandemics and other major challenges. The novel capabilities of microfluidics hold immense
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promise for a future marked by more efficient, precise, and accessible solutions. The future outlook for microfluidics-based
biosensing technology appears promising, driven by advancements in biomaterials, electronics, cloud computing, and
the production of cost-effective smart devices. Microfluidics offers several advantages for pathogen detection, includ-
ing rapid processing, reduced sample consumption, and compact, portable formats. However, challenges persist in
integrating multiple functions into a single automated unit. Ensuring the reliability of assay results, simplifying external
components, and enhancing user accessibility are critical considerations in device development. Early-stage efforts in
technology and product development are essential to address these challenges effectively. Moving forward, the design of
point-of-care diagnostic devices will necessitate a deeper understanding of the intended adoption settings and end-user
requirements. Affordability remains a crucial factor, particularly for users in low-resource environments. As such, future
innovations in microfluidics for biosensing should prioritize accessibility and usability while maintaining robustness and
accuracy in diagnostic performance. The future of microfluidics in biosensing holds significant potential, particularly in
addressing global healthcare challenges such as infectious disease monitoring and diagnosis. By leveraging emerging
technologies and focusing on user-centric design principles, microfluidic devices have the opportunity to revolutionize
healthcare delivery, especially in resource-limited settings where traditional laboratory infrastructure may be lacking.
However, realizing this potential will require concerted efforts from researchers, engineers, and healthcare profession-
als to overcome existing technical and logistical barriers. Overall, the trajectory of microfluidics in biosensing appears
promising, with the potential to make a meaningful impact on healthcare accessibility and outcomes worldwide.
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