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Abstract: Conventional diagnostic techniques are based on the utilization of analyte sampling, sens-
ing and signaling on separate platforms for detection purposes, which must be integrated to a single
step procedure in point of care (POC) testing devices. Due to the expeditious nature of microfluidic
platforms, the trend has been shifted toward the implementation of these systems for the detection of
analytes in biochemical, clinical and food technology. Microfluidic systems molded with substances
such as polymers or glass offer the specific and sensitive detection of infectious and noninfectious dis-
eases by providing innumerable benefits, including less cost, good biological affinity, strong capillary
action and simple process of fabrication. In the case of nanosensors for nucleic acid detection, some
challenges need to be addressed, such as cellular lysis, isolation and amplification of nucleic acid
before its detection. To avoid the utilization of laborious steps for executing these processes, advances
have been deployed in this perspective for on-chip sample preparation, amplification and detection
by the introduction of an emerging field of modular microfluidics that has multiple advantages
over integrated microfluidics. This review emphasizes the significance of microfluidic technology
for the nucleic acid detection of infectious and non-infectious diseases. The implementation of
isothermal amplification in conjunction with the lateral flow assay greatly increases the binding
efficiency of nanoparticles and biomolecules and improves the limit of detection and sensitivity. Most
importantly, the deployment of paper-based material made of cellulose reduces the overall cost.
Microfluidic technology in nucleic acid testing has been discussed by explicating its applications in
different fields. Next-generation diagnostic methods can be improved by using CRISPR/Cas technol-
ogy in microfluidic systems. This review concludes with the comparison and future prospects
of various microfluidic systems, detection methods and plasma separation techniques used in
microfluidic devices.

Keywords: nucleic acid detection; microfluidics; portable devices; molecular diagnostics; isothermal
amplification; lab on chip; nucleic acid testing

1. Introduction

It is important to diagnose infections that are caused by pathogens at their earliest
stage, as they are transmitted between animals and humans by inoculation from different
media, such as water and air [1–3]. On the other hand, pathogen detection is not only
important in the health care sector, but it is also important regarding safety issues in areas
such as food, water or production facilities [4].
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Therefore, it is important to detect them so that treatments can be initiated properly.
Along with treatment, its prevention is also necessary, which calls for a low-cost, rapid,
on-site and accurate diagnosis, especially in areas that are devoid of resources and have
severe and prevalent infections [5]. In this perspective, microfluidic technology that com-
bines material science, nanotechnology and micro electro mechanical systems for specified
fluidic manipulations provide opportunities for point of care testing (POCT) devices for
the detection of pathogens and diseases. Amplification and sequencing strategies such
as PCR and NGS are molecular diagnostic techniques that have demonstrated outstand-
ing sensitivity and specificity. In comparison to these conventional diagnostic methods,
portable microfluidic devices employ miniaturized devices that range from large laboratory
analyzers to disease specific screening platforms by which on-site testing can be performed.
The reason behind the fast expansion of microfluidics is the development of small-scale
components that allow the handling of materials on a microscale level [6,7]. Molecular
diagnosis is the most dependable, accurate and sensitive way for a disease diagnosis among
the various available techniques [8].

Although endogenous RNA can be detected using microfluidic devices, their use in
isolating purified viral RNA from blood samples has received less attention. This is proba-
bly because extra cellular vesicles would have to be isolated to identify these biomolecules
present there. Extracellular RNA is structurally more unstable than DNA, making its detec-
tion more difficult, especially in integrated miniaturized devices. Since plasma contains
both cell free double stranded DNA (dsDNA) and RNA, sample preparation methods
before nucleic acid detection call for cellular lysis, filtration and centrifugation, whereas the
extraction and purification of nucleic acid can be performed by various methods such as
dielectrophoresis, membrane filtration, microbeads and microfluidic channels. The first
and most significant benefit of microfluidic technology is its low energy consumption,
high-throughput applications, spatial temporal precision, portable systems and quick pro-
totyping [9].Traditional techniques for directly detecting nucleic acid include polymerase
chain reaction (PCR), the enzyme linked immunosorbent assay (ELISA), isothermal ampli-
fication, clustered regulatory interspaced short palindromic repeats (CRISPR) and aptamer-
based detection, whereas in direct methods of nucleic acid detection involve the detection of
antibodies generated by patients in response to infection. Although the indirect method has
many applications, it has some drawbacks, such as low specificity and accuracy [10,11]. In
spite of the fact that the detection of nucleic acid is required in most of the fields, healthcare,
biodefense, biomonitoring and environmental monitoring are the four major sectors that
require more precise nucleic acid detection [12].

Various biosensors have been developed for determination of the quantity and type of
a biomolecule by modifying the mechanical, chemical or electrical properties of the sensing
element to produce a quantifiable signal. Most of the nucleic acid testing methods rely
on DNA probes, which are used to hybridize with target nucleic acids. The tagged DNA
is joined to the detector molecule and has a length of 30–40 nucleotide bp. Evaluation of
the nucleic acids is important, but this technology has certain drawbacks. Particularly,
only a few genes can be probed in this process. The genes can be detected on biochips
and biosensors which ensures the presence of biomolecules such as enzymes, proteins
and nucleic acids. However, biochips can be divided into three categories: lab-on-a-chip,
biochips for analyzing genes and biochips for the protein analysis. In this review, our focus
will be on lab-on-a-chip technology, which uses miniature devices to perform laboratory
operations on a small scale. The perks of this method include a shorter analysis time, less
chemical waste generation, lower costs and compact instrumentation with the ability to
analyze samples immediately without the need for a laboratory [13].

Here, we have discussed the role of microfluidic technology in the detection of nucleic
acid regarding health and safety. Next, we cover the materials for making microfluidic
devices and a comparison of plasma separation methods in microfluidic systems. Eventu-
ally, several detection strategies are compared, followed by non-isothermal and isothermal
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means of amplification. Furthermore, the prospects and challenges faced by microfluidic
technology in diagnostics are debated at the end.

2. Microfluidic Technology and POCTs
2.1. Significance of POCT in Diagnostics

The POCT platforms controlled by microfluidics employ portable and small devices
for conducting on-site sampling in contrast to conventional diagnostics.

By omitting time-consuming sample preparation stages, the innovations have en-
abled the development of quick signal amplification with increased sensitivity. Recent
developments in molecular diagnostics have resulted in the development of a disease
diagnosis based on nucleic acids [14]. However, sample preprocessing, the amplification
of nucleic acids and signal readouts are the three main steps in nucleic acid testing. These
devices offer a preliminary screening of diseases in a non-laboratory setting; however, they
cannot replace sensitive laboratory tests. By recognizing the significance of POCT devices,
the World Health Organization has set a criterion for the evaluation of clinical diagnoses.
According to the WHO, POCT devices have been given an acronym of ASSURED, which
means that the test must be ‘Affordable, Sensitive, Specific, User- friendly, Rapid and
robust, Equipment free & Deliverable’ [15]. Figure 1 Shows the efficiency of microfluidic
systems by estimating time required to perform a diagnostic test by traditional methods
and microfluidic POCT devices. “Created with BioRender.com”.
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 Figure 1. Comparison of the estimated time required to perform a diagnostic test by traditional
methods and microfluidic POCT devices.

2.2. Microfluidic POCT Devices

Microfluidics is a suitable technique for designing complex bioaffinity sensors due
to its ease of manufacture, small sample and reagent amounts, short reaction time and
suitability for result observations. The primary purpose of microfluidics is to accelerate
chemical reactions in tiny volumes, where there is more atomic exposure during the reaction
in micrometer scales of microfluidic channels where the surface to volume ratio is several
orders greater than in bulk systems. When the length scale is shortened, the diffusion
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process proceeds with a time scale of d ~/2τlD, where D is the sample’s diffusion coefficient.
As a result, quicker chemical and biological reaction rates are attained. In addition, droplet
microfluidics divides the continuous flow of bulk solutions into discrete quantities in the
form of droplets. A frequency of several kilo hertz can be used to sort droplets, enabling
high-throughput processes and preventing cross-contamination [16].

In POCT devices, the microfluidic platforms require a system for delivering samples
and reagents, a mechanism for mixing and moving fluids and detectors for assessing
microanalytical operations [15]. Cell lysis is the first and most crucial step in sample prepa-
ration for nucleic acid testing. However, chemical and mechanical cell lysis are the most
frequently used methods to accomplish this step [17]. For the on-chip testing of nucleic
acid, chips can be divided into three parts for sampling, sensing and signaling. The basic
modules of microfluidic devices include micropumps, microvalves, micromixers, droplet
generators, separators, traps, cell cultures and gradient generators, whereas six commonly
used connection methods include tubing connection, O-ring/gasket connection, LEGO
connection, Luer connection and plasma and adhesive connections. Comparatively, modu-
lar microfluidics has advantages over integrated microfluidics in terms of free selection of
the arrangement and number scheme of the modules, optimization of individual steps for
analysis and the adjustment of local region conditions of the system and for various types
of experimental objects [18].

In addition to its stability, biocompatibility and adaptability, silicon is a suitable
material for the isolation of nucleic acid [19]. In POCT devices, porous materials have been
utilized to extract nucleic acid for diagnostic purposes. A commercially accessible solid
phase nucleic acid extraction technique called Finders Technology Associates (FTA) cards
are used to manufacture POCT devices that also amplify nucleic acid. FTA cards can be
coupled with a Loop mediated isothermal Amplification (LAMP) cassette for detection of
the Human Immunodeficiency Virus (HIV) [16,17]. Microfluidic devices require sample
volumes less than 100µL for downstream detection purposes [20]. Three types of reactors
have been used for microfluidics PCR. For a microfluidic PCR, the thermal cycling time is
calculated in minutes, and the size of the reactor is required in µL, whereas a microfluidic
PCR is defined as γ [21]. The first type of reactor is termed as a stationary reactor, forced
continuous flow PCR is the second type of reactor and the third type of reactor is composed
of a free heat deportation system [21–24].

2.3. Materials for Microfluidic Devices

Paper, polymer and inorganic materials are the main three types of materials used to
interface microfluidic devices. Initially, glass and silicon materials were used. Thermoplas-
tics and elastomers are two subcategories of polymeric substances that were introduced
later. Inorganic materials include cofired low-temperature ceramics and Vitro ceramics.
Paper microfluidics has been considered as a slightly distinct technology from polymeric
and inorganic microfluidics. Before choosing the material type for a microfluidic system,
it is important to consider three factors: application, degree of integration and function.
Some other physical properties that must be considered before choosing a material in-
clude air permeability, flexibility, nonspecific adsorption, electrical conductivity, cellular
compatibility and optical transparency [25].

Glass, polymers and silicon are frequently used components for designing a microflu-
idic device. Silicon has been widely used in the semiconductor industry due to its well
studied properties and developed fabrication methods. Most of the silicon-based devices
have a layer of SiO2 thermally grown on their surface, especially the sensors that rely on
electrically based detection methods. Glass is an ideal material for biosensors that use opti-
cal detection techniques such as fluorescence or surface plasmon resonance (SPR) because
of its qualities, such as chemical stability and transparency. One of the most popular types
of glass is soda lime; however, it has a lot of contaminants, such as aluminum. Microfluidic
devices typically employ Pyrex glass or borosilicate, which are more expensive than other
forms of glass. Quartz or fused silica are also used due to their best optical properties.
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However, the cost of these materials is considerably higher, but the use of glass in mi-
crofluidic devices faces the challenge of channel sealing due to the difficulty in bonding
device layers. Mostly, high temperatures or large electric fields are needed to meet device
bonding requirements.

Paper-Based Multiplexed Detection

Primarily, three methods are used to implement paper- based multiplex detection:
spatial separation of detection sites; regionally employing distinct channel components or
using various labels such as enzymes, redox compounds and beads or colors. Regional
separation is a key feature of paper–based microfluidic chips, providing a high degree of
multiplexing, as well as better testing efficiency and versatility. An innovative concept for
multiplex paper-based detection is target responsive DNA hydrogel. Similarly, a paper-
based chip was designed to detect numerous targets simultaneously by using a target-
responsive flow controller made of an aptamer cross linked hydrogel, a target responsive
hydrogel having a cross linked aptamer on paper to control the fluid flow and signal
readout [26,27].

2.4. Microfluidic Approaches for Plasma Separation in POCT Devices

Active and passive techniques are used for the separation of serum/plasma from
blood in a microfluidic system. In a passive approach, blood cells are moved by passive
means as they pass through plain or bead filled tubes. These techniques include hydrody-
namic focusing, deterministic lateral displacement, sedimentation and filtration. Active
techniques such as acoustophoresis or dielectrophoresis, on the other hand, exert forces on
cells to move as they pass through channels of the microfluidic system.

Limitations of Active and Passive Methods

Hemolysis has been demonstrated to interfere with several metabolites assays due to
releasing hemoglobin into the blood. Every microfluidic separation technology has specific
limitations, such as the lengthy working durations of devices based on the principle of
sedimentation and the difficult manufacturing processes of devices that use external forces.
With a few notable exceptions, most microfluidic devices only recover trace amounts of
serum/plasma from diluted blood samples, which may not be sufficient for detection
purposes. However, sometimes, these systems need some kind of extra hardware, such
as a motor, syringe pump or other external hardware, to control the flow of a fluid, which
makes them more complex. Some approaches of microfluidic systems for separation of
serum/plasma from blood have been discussed in Table 1.

Table 1. Comparison of microfluidic approaches for serum/ plasma separation.

MicrofluidicApproach Mechanism Sample Target Material Ref.

Sedimentation Sedimentation Blood Plasma Glass [28]

Microfiltration Sedimentation Blood Plasma /PDMS/PTFE/Glass [29]

Lateral displacement Filtration Blood Plasma PMMA [30]

Hydrodynamic Hydrodynamic Blood Plasma PDMS [31]

Acoustic separation
Dielectrophoretic
Hydrodynamic

Acoustic
Blood Plasma PDMS [32]

Dielectrophoresis
Dielectrophoretic
Hydrodynamic

Acoustic
Blood Plasma PDMS [33]

Compact Disc (CD) format Sedimentation Blood Plasma COC/PDMS/pMMA [34]
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However, an easy-to-integrate extraction method has been developed known as Iso-
tachophoresis (ITP), which is a nucleic acid extraction method based on the separation of
analytes because of their mobility under the application of pressure in an electric field. This
technique can be used with small volumes that can be further automated for purification
and amplification steps. Additionally, ITP compatible with the CRISPR/Cas system in-
tegrated with a microfluidic device has been designed for the detection of viral RNA in
35 min [35].

2.5. Amplification Methods
2.5.1. Non-Isothermal Amplification

A microfluidic platform has been developed that has a special capacity to amplify PCR
templates in an affordable thermoplastic structure with a cycle time of 14 s and complete
reactions in 8.5 min [36]. Similarly, for PCR amplification, a disc shaped microfluidic device
with independent components of a heating system, a small aluminum plate and diaphragm
valve has been designed. This device pumps liquids using a centrifugal force and demon-
strates robust, leak-free, reversible and valves actuation at thermally stable conditions
during PCR amplification in a fully automated way [37]. A microfluidic thermalization
system was developed for ultrafast PCR with a total reaction time of <8 min. The process
relies on the movement of a heated solution in a chip to thermally activate the PCR chamber
through diffusion [38]. High speed thermalization of this system allowed it to conduct a
sharp melting curve analysis in addition to running PCR reactions within a few minutes.
Moreover, due to its low cost and high efficiency, researchers have suggested the integration
of this microfluidic system in POCT devices [39,40].

2.5.2. Isothermal Amplification

Although many PCR-based microfluidic devices have been developed, the accurate
control of thermal cycling and integration of a heater are still major issues with POCT
devices in some developing countries. Therefore, to address these issues, scientists have
developed isothermal amplification processes that use an amplification technique without
a thermocycler. The isothermal amplification processes used for diagnostic purposes are
discussed below.

Loop-Mediated Isothermal AMPlification (LAMP)

In this approach, a DNA polymerase with strand displacement activity is used along
with two sets of specially designed primers known as the forward inner primer (FIP) and
backward inner primer (BIP). Four more primers are also used to increase the specificity of
the amplification. Amplification is performed within an hour of target sequence recognition.
In LAMP, 60 to 65 ◦C temperate is required to carry out amplification, and the product
is easily detected by the naked eye due to the production of white precipitates that are
pyrophosphate by products [41]. One such device has been developed for the amplification
and detection of Hepatitis B Virus (HBV) [42,43]. However, this technique is not suitable
for the amplification of short genes [44]. Advancements have been made to reduce the
reaction volume in microfluidic–integrated LAMP devices or microLAMPs (µLAMP) [42].

Helicase Dependent Amplification (HDA)

After analyzing the properties of helicases, researchers have linked polymerase with
helicases and a few additional proteins for nucleic acid amplification. HDA mimics the
denaturation step used in traditional PCR by using DNA helicase activity to separate
double stranded DNA (dsDNA). DNA polymerase initiates replication following this
separation step, where chemical energy is used for the formation of a replication fork. Two
target sequence-specific primers are used that anneal to the 3′ end of both strands of single
stranded DNA (ssDNA) [45]. The microfluidic chip for HDA has been integrated with a
small scale solid phase extraction column for the isolation of DNA [46]. By integrating
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HDA on the strip, a new technique was adopted to identify the source of ruminant fecal
contamination [47].

Rolling Circle Amplification (RCA)

This method makes use of a special DNA polymerase with strand displacement
activity to amplify circular DNA. Amplification is performed at a constant temperature to
produce ssDNA with tandem repeats of the circular template. Both linear and exponential
methods are used to perform RCA. The amplification efficiency of this method depends
on the requirement of circular and small ssDNA as a template. However, most of the
DNA templates required for diagnosis are single stranded DNA. To avoid this issue, a
special type of probe has been designed called pad lock probes that circularize following
hybridization with the target sequence [48]. The single molecular amplification of DNA
by droplet microfluidic hyper branched RCA has been developed. Nowadays, droplet
digital RCA systems have been designed for the sensitive and rapid detection of cancerous
cell-derived extracellular vesicles [49]. An electrochemical aptasensor (ultrasensitive) was
developed for multiple exosome biomarker detection in breast cancer, which was based on
dual RCA [50].

Multiple Displacement Amplification (MDA)

In this amplification approach, amplification of the whole genome is carried out by
generating many amplicons from a small number of molecules of DNA. No thermal cycling
is required for the reaction, because the primers are randomly exonuclease resistant, and
there is a strand displacement activity. The use of nanoliter size d microfluidic reactors and
a cell sorting device for the isolation of specific individual cells can increase the specificity
of MDA, whereas reducing the reaction volumes from µL to nl reduces the nonspecific
amplification [51–53]. The technique has been expanding rapidly because of its ability to
differentiate defective DNA. MDA has been used in the diagnosis of tuberculosis (TB) by
performing the MDA of DNA in a two-step process [54].

Recombinase Polymerase Amplification (RPA)

A complex of DNA polymerase, DNA–binding proteins and a recombinase are used
to amplify DNA at 37 ◦C. This complex is used for dsDNA scanning, primer binding and
non-template strand displacement. Single stranded DNA–binding proteins (SSBP) stabilize
the displaced strand, and recombinase makes the 3′ end accessible for DNA polymerase.

A simple and low-cost method was used for the development of a microfluidic chip
for RPA by combining the dry film resist technique and direct wafer bonding [55]. As the
RPA reaction is carried out at or near to the room temperature range, premixing of the
sample with an initial reagent may proceed the reaction without compartmentalization.
Despite its little applications in clinical sectors, authentications have been made regarding
its use in the detection of viruses, bacteria, protozoa and human pathogens [56,57].

Nucleic Acid Sequence Based Amplification (NASBA)

NASBA is a technique for amplifying ssDNA or RNA sequences at 41 ◦C without any
requirement of a denaturation step. Due to which, dsDNA templates cannot be amplified
by this method. The preferable templates for carrying out NASBA are mRNA, genomic
RNA and rRNA. Two RNA sequence specific primers and three enzymes are used in
this technique. These enzymes are T7 DNA-dependent RNA polymerase (DdRp), avian
myeloblastosis virus reverse transcriptase and RNase H. A microfluidic device has been
developed for the immuno-NASBA detection of water borne pathogens. This lab on a
chip device relies on the utilization of different antibodies for the recognition of various
targets in a single step procedure [58]. Table 2 shows a comparison of various isothermal
amplification methods based on template requirement, estimated time, pairs of primers
and approximate melting temperature.



Biosensors 2023, 13, 584 8 of 23

Table 2. Comparison of isothermal methods for nucleic acid amplification.

Isothermal Method Template Time Primers Tm (◦C) Ref.

LAMP DNA/RNA 15–60 min 3 pairs 60–65 [59,60]

HDA DNA, rRNA 1–1.5 h 1 pair 60–65 [61,62]

RCA cssDNA, RNA, miRNA 1 h 1 single primer, 1 padlock probe 25–37 [63,64]

MDA dsDNA 2 h Random hexamer 30 [65,66]

RPA DNA/RNA 5–7 min 1 pair 37–42 [60–62]

NASBA SsRNA, tmRNA, rRNA 1 1.5 h 1 pair 41 [63,64]
1 SsRNA: Single-stranded RNA, tmRNA: transfer–messenger RNA, rRNA: ribosomal RNA, dsDNA: double-stranded
DNA, miRNA: microRNA, cssDNA: circular single-stranded DNA, Tm: melting temperature.

2.6. Strategies for Nucleic Acid Testing

Nucleic acid testing (NAT) offers many advantages over conventional immunoassays
due to better sensitivity and specificity. The most used laboratory techniques for nucleic
acid detection include PCR, real-time PCR and reverse transcription PCR [67]. A membrane
embedded in a microfluidic chip binds DNA to isolated from the cell. The nucleic acid
is further amplified at a constant temperature, and the amplified product containing a
fluorophore reporter is detected by a detector (CCD detector or photodiode) [68]. To
carry NAT on microfluidic POCT, the device must be fabricated when it is in its initial
manufacturing phase. The continually used fabrication techniques for microfluidic systems
are printing and cutting, photolithography and molding [69]. Bubble formation, cross
contamination and reagent evaporation are some common issues with DNA amplification
in microchannels, which can be reduced by using polydimethylsiloxane to seal the channels
(PDMS) [70].

It is not surprising to say that more sensitive tests are usually less specific. The
specificity of NAT is relatively high, i.e., more than 99.0%, as compared to other methods.
Therefore, the utilization of NAT in a low prevalence population will result in false-positive
results. In a test with 99.5% specificity, 0.5% of the positive results will be false positives.
If there is 1.0% positivity of the results in a population, only 50% of the patients will be
positive. Cross-checking the specimen with an alternative assay can increase the specificity
of the test [71]. The development of novel diagnostic tests must always include studies on
reproducibility within and between laboratories. High sensitivity and specificity cannot
coexist with only modest test retest agreement. Possible causes of inconsistent findings
for NAATs include false-positive hybridization during the detection phase for instance,
nonspecific priming in the amplification phase, amplicon contamination and the presence
of inhibitors [72]. Figure 2 Shows various strategies including microfluidic systems and
other traditional methods for detection of nucleic acid. “Created with BioRender.com”.

2.6.1. Paper-Based Microfluidics

Conventional lateral flow assays (LFAs), which are used for the risk assessment, diag-
nosis and treatment of both infectious and non-infectious diseases, may be considered the
simplest and earliest type of microfluidic devices. Since the advancement of mobile phone’s
optical imaging technology, the quantitative analysis of LFA at POCT is now performed
more accurately. A more precise quantitative measurement of LFA is now possible because
of the improvements in optical imaging technologies of mobile phones. Due to the efficiency
of nanomaterials in signal transduction and better stability, AuNPs, carbon nanoparticles
and quantum dots are now essential components of LFA. Microchannels provide depth to
paper-based microfluidic (µPAD) platforms, but the linear fluidics used in LFA limits the
functional parameters and analytical efficacy of PADs. Numerous methods have been used
for patterning paper that include photolithography, printing, laser treatment and plasma
treatment. A recent innovation in paper-based devices includes the origami analytical
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device (oPAD), also known as 3D µPAD, developed by a single patterning process and is
simple to fold and align without the use of cellulose powder in between layers [73].
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Figure 2. Nucleic acid-based detection strategies.

The nucleic acid lateral flow assay (NALFA) has drawn attention in POCT fields
due to its ease of implementation, rapidity and less requirement of equipment, which
makes them a well suited candidate in environmental monitoring, food authentication and
diagnosis in resource limited areas. The integration of isothermal amplification on LFA
increases the sensitivity of the assay. The two frequently used isothermal amplification
strategies include RPA and LAMP [74]. A sensitive NALFA was developed, which, at lower
concentrations of the target, gave little difference in capturing the efficiency between the
capture and detector probe-conjugated AuNPs, and when the concentration was increased,
the capturing efficiency of the capture and detector probe conjugated gold nanoparticles
(AuNPs) lagged the AuNP detector probe conjugates [75]. Bio-barcode designing was
another approach adopted for the development of NALFA [76]. One approach that can be
adopted to prevent the spreading of reagents during the deposition of narrow microfluidic
control and the test line is the utilization of inkjet printers. Filter paper based LFAs
fabricated with inkjet printing technology offer a confined control and test line. Despite
their challenges, inkjet-printed µPADs are still considered attractive. The formulation of
ink is the main key to printing, which requires various compositions of inks [77].

2.6.2. Polymer-Based Microfluidics

Recent advancements in polymer-based microfluidics have drawn considerable inter-
est for the detection of infectious diseases in particular, an approach based on CRISPR/Cas13a
that uses the amplification-free smart phone microscopy method on PDMS to identify the
viral RNA of ~100 copies L1 in thirty minutes [78]. Due to its distinct benefits, such as
higher compatibility with biomolecules, higher transparent observations, higher perme-
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ability of gas for diffusion and relatively simple manufacturing method of lithography,
polydimethylsiloxane (PDMS) is particularly employed frequently. Similarly, polymethyl-
methacrylate (PMMA) has the benefits of being reasonably priced and having acceptable
mechanical and optical characteristics [77,79].

2.6.3. CRISPR-Based Microfluidic Systems

Next generation diagnostic methods can be improved with precise CRISPR/Cas tech-
nology by taking advantage of the benefits of microfluidics. This system has multiple
benefits, which include less cost, less consumption of the reagents, quick turnaround time,
high specificity and ability to incorporate a multiple detection approach. Microfluidic-
based CRISR/Cas systems are mainly based on the utilization of Cas9, Cas13a and Cas12a
proteins. Table 3 Shows comparison of microfluidic biosensors on the basis of their man-
ufacturing materials, types, detecting pathogens, bioanalytes, amplification methods, de-
tection methods, ability to perform multiplexing, sensitivity, limit of detection, limitations
and prospects.

2.6.4. Digital Microfluidics

In a magnetic barcode assay, the mycobacterial gene was amplified by PCR and caught
on polymer beads modified with complementary DNA by a specific sequence, labeled by
magnetic nanoparticles in a miniaturized nuclear magnetic resonance (NMR) chamber and
then evaluated by micro-NMR. Miniature tools such as mini microscopes, a portable mass
spectrometer and systems compatible with smart phones have additionally made it easier
to identify and analyze POC testing and various encoded assays [80]. Digital microfluidics
(DMF), with a continuous flow, has the benefit of less reagent consumption, quick responses
and carrying out multiple processes simultaneously. The Wheeler group created the
Measles Rubella Box (MRBox), a 4-kg instrument made up of a portable control system and
inexpensive DMF cartridges, to extend the clinical use of DMF-based biosensors [81].

2.7. Comparison of Various Detection Methods

A variety of methods can be used for the detection of target analytes. Commonly
used optical methods for signal detection are optical cavity resonators, electrochemical
impedance spectroscopy (EIS), fluorescence and surface plasmon resonance (SPR). In the
SPR detection method, the refractive method is altered due to a surface based chemical
reaction and causes a shift in the optical signal, whereas EIS monitors change in surface
impedance due to transport or reaction on the surfaces. Apart from these, electrically based
techniques utilize surface based reactions that correspond to alterations in the electrical
signal such as resistance, current, capacitance or conductance of the test sample. Moreover,
there are some methods that provide a signal due to the adsorption of specific molecules
on cantilevers [82].

Using a microfluidic sample enrichment strategy, the PCR free LSPR (localized surface
plasmon resonance) and SERS (surface enhanced Raman spectroscopy) methods have been
developed for the analysis of circulating tumor nucleic acids. However, some techniques
still experience false-positive results due to poor specificity of the assay, and for practical
uses, it would be necessary to improve the reproducibility, specificity and analysis of the
clinical samples [83]. Table 4 shows the advantages, disadvantages and future prospects of
different detection methods.
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Table 3. Comparison of polymer-based, paper-based, quartz/glass and some other microfluidic biosensors.

Biosensors Biosensor Type/
Pathogen Bioanalyte/Amplification Method Detection Method/

Multiplex (Y/N) Sensitivity &Detection Limitations/Future Prospects Ref.

Polymer-based devices

PDMS-based
nanoarray

Cas 12a/HBV, HPV-16,
HPV-18

Nucleic acid(NA)/
Amplification freemethod

Surface-enhanced
Raman scattering/

Y

Sensitivity: 1 aM
Time: 20 min

High cost, only for DNA targets
Optimization strategies should be taken in future to

increase sensitivity of targets and strength of SERS signal.
By reducing Limit of detection and assay time, overall

performance of system can be improved
shortening the assay time and reduction of the detection

limit may also improve the system.
Several biomarkers including proteins or RNA can be
detected by utilization of Cas13a for RNA targets and

aptamers for proteins

[81]

POCKET
(POC kit for the

full test)

Microfluidic PDMS-
based/Mutational

analysis of Southeast
Asia thalassemia

DNA/RPA Colorimetric/
Y

Sensitivity: <103 copies/mL
Time: <2 h

N/A
In future, the variety of sample types will be increased to

include those samples that are challenging to prepare,
such assputum and feces.

An independent and power free method can be
developed to control reagent loading procedure in a

better way
Prevention of cross contamination from positive samples

[8]

Paper-Based devices

Paper-Based device CRISPR/Ca/
SARS-CoV-2 NA/RT-RPA Colorimetric/

N
Sensitivity: LOD 100 copies

Time: 1 h

N/A
Issue of competitive hybridization can be avoided by

designing two types of probes for individual
identification of each target By optimizing nitrocellulose
membrane’s pore size, flow rate of the strip or running

buffer can be improved to ensure a better
binding efficiency

[82]

SHERLOCKv2
Cas13, Cas12a and

Csm/Dengue,
Zika virus

NA/RPA Fluorescence/Y Sensitivity: aM Time: 1 h

N/A
Solution and colorimetric-based readouts and multiplex

lateral flow assays containing multiple test strips for
different targets can be developed in future

[83]

CRISPR-based microfluidic LFA chip Cas12a/
SARS-CoV-2 NA/RT-RPA Colorimetric/

N
Sensitivity: 100 copies

Time: <2 h

N/A
Fully integrated molecular detection platform by adding

nucleic acid extraction module to microfluidic chip
Incorporation of phase changing material into heater case

to control temperature

[84]
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Table 3. Cont.

Biosensors Biosensor Type/
Pathogen Bioanalyte/Amplification Method Detection Method/

Multiplex (Y/N) Sensitivity &Detection Limitations/Future Prospects Ref

CASLFA (CRISPR/Cas9-mediated lateral
flow assay)

Cas9/SARS-CoV-2,
African swine fever

virus (ASFV), Listeria
monocytogenes,

genetically modified
organisms (GMOs)

NA/RPA Colorimetric/
N

Sensitivity: 100 copies
Time:1 h

A number of separation stages are still needed to
complete the process

Future research may combine microfluidic technology
with the developed system to integrate extraction,
amplification and detection on a single platform

For multiplexing, primers with different labels and
variety of test lines will enhance the feasibility of

CASLFA to detect multiple targets simultaneously.

[85]

MiSHERLOCK
(minimally instrumented SHERLOCK) Cas-12a/SARS-CoV-2 RNA/RPA Fluorescence/Y Sensitivity: 1240 cp/mL

Time: 60 min

Only a few COVID-19 patient samples were examined
Owing to lack of resources, SARS-CoV-2 variants could

not be tested
Screening and diagnosis of disease variants

[86]

SHINE Cas13a/SARS-CoV-2 NA/RPA Fluorescence/
N

Concentration: 10 copies L1
Time: 50 min

Inconsistent measurements with RT-qPCR
Lyophilization of reagents would facilitate assay

preparation and dissemination while enabling shelf
stable testing

[87]

HUDSON(heating unextracted diagnostic
samples to obliterate nucleases)

Cas 13-based/
Dengue virus,

Zika virus,
resistance genes,

bacteria

NA/RPA Fluorescence and
colorimetric/N

Sensitivity: aM,
Time: <2 h

N/A
It might be used to detect any type of virus in body fluids,

can be used for multiplexed detection,
reagents can be lyophilized

[88]

Quartz-glass biochip

CARMEN v.1

Microfluidic
Cas13-based/Detect

169 human-related viruses
distinguish between

many influenza A
subtypes of HIV and

Differentiation of
SARS-CoV-2 strains

NA/PCR Fluorescence/
Y

Concentration: Reduced
throughput

Time: 8–10 h

Outbreak-specific
Outbreak specific panels for detection of diseases should

be deployed for testing of thousands of samples from
a population

[89]
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Table 3. Cont.

Biosensors Biosensor Type/
Pathogen Bioanalyte/Amplification Method Detection Method/

Multiplex (Y/N) Sensitivity &Detection Limitations/Future Prospects Ref

mCARMEN variant
identification panel

(VIP)

Microfluidic
Cas12-based/Detect
21 viruses, including

SARS-CoV-2 and
influenza strains, with

excellent sensitivity

NA/PCR Fluorescence/
Y

Sensitivity: 102 copiesµL−1

Time: 8 h

N/A
By integrating RVP (Respiratory Virus Panel) and VIP

into a single panel need for manual work and equipment
constraint can be reduced

In future, the panel can be FDA approved and then
commercialized

[90]

SATORI(glass) Cas13a/SARS-CoV-2 ssRNA/Amplification free method Fluorescence/
N

Sensitivity: ~10 fM
Time: <5 min

Less sensitive than amplification-based methods
(SHERLOCK, DETECTR and qPCR)

In future, the SATORI-Cas12a system can be developed to
performamplification-free double-stranded DNA

detection

[91]

CRISPR dCas 9
dCas

9-based/SARS-CoV-2,
Influenza A virus

NA/Isothermal amplification colorimetric/
N

Sensitivity:Petamolar(pM)
Time: 90 min

N/A
In future, it can be used for diagnosis of drug resistant

and reemerging viruses
[92]

Other detection platforms

CAS-EXPAR Cas 9-based/Listeria
monocytogenes NA/Isothermal amplification Fluorescence/

N
Sensitivity: 0.82

attomolar(aM)Time: 1 h

N/A
Detection of single-nucleotide mismatches and any target

sequence site
[93]

CRISDA (CRISPR-Cas
9-based nicking

endonuclease for
initiating strand

displacement
amplification process)

Cas
9-based/Identification

of single nucleotide
polymorphisms (SNPs)

and homozy-
gous/heterozygous
genotypes related to

brest cancer

DNA/Isothermal amplification

Peptide nucleic acid
(PNA) invasion

mediated
fluorescence/N

Sensitivity: aM
N/A

Highly specific and sensitive detection of SNPs and
targeted sequences in POCT devices

[94]

RCH (dCas9-based
RCA CRISPR

split HRP)

Cas 9-based/Lung
cancer bycirculating

let-7a biomarker
and miRNA

miRNA/RCA Chemiluminescenc/
N

Sensitivity: Femtomolar(fM)
Time: <4 h

For different miRNA, a RCH probe/sgRNA isredesigned
and synthesized in days

Can be used as a solution or paper-based
colorimetric readouts

Cost can befurther reducedby industrializing the protein
producing procedure.

sensitivitycan be improved by implementing
alternativeisothermal amplification systems or other

reporting systems such as split-GFP, split-luciferase and
split-β-galactosidase

[95]
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Table 4. Prospects of the detection methods.

Detection Method Advantages Disadvantages Future Prospects Refs.

Colorimetric Visualized detection,
simplicity

Limited sensitivity
and no

quantitative detection

In nanoparticle-based colorimetric
assays, sensitivity can be increased
by increasing size of nanoparticle

and by decreasing density of
receptor group present on surface

of nanoparticle

[84–86]

Electrochemical
Low cost, robust
response, high

sensitivity

Interference
susceptibility and

weak stability

Biocompatibility of nanoparticles
can lead to reduction in toxicity

detection as the nanoparticles are
less reactive against proteins

[87–93]

Chemiluminescence Simplicity, high
sensitivity

Enzyme dependent and
time consuming

Designing a multiplex system with
increased sample throughput.

Quantitative approach should bead
opted in future

[89]

Fluorescence
Experimental

simplicity, flexibility
and robust response

Background with a
high fluorescence

Development of biosensors based on
macro and micromolecule
imprinting technology can

be considered.
Reusable devices based on the green
chemistry approach can be designed

[94–97]

Magnetic Detection of high signal
to noise ratio, low cost

Limited availability of
miniaturized magnetic

readout systems

Integration in point of care
testing devices [98–100]

SPR-based Label-free, real-time
detection

Expensive, bulky
equipment

Low limit of detection

Improvement in sensitivity and
detection capability

Different shapes of nanoparticles
can be used to improve sensitivity

[101–103]

SERS-based

Low background, no
photobleaching, good

multiplexing
capabilities and
high sensitivity

Limited view field,
Difficulty in fabrication
of SERS active substrate

in microfluidic chip

Improvement in reproducibility,
selectivity, integration of chip and

multi-functionality
[104–107]

2.8. Applications of Microfluidics

Microfluidic devices have made their contribution in innumerable applications by
overcoming the difficulties of conventional assays. It has been manifested that the devices
that are based on microfluidic systems contain great potential in disease diagnosis, per-
sonalized medicine, cell culture, chemical screening, cell separation, drug screening, cell
treatment, drug delivery and DNA sequencing [108,109]. In disease diagnosis, microfluidic
devices play a robust role in the analysis of numerous samples, which include saliva, blood
and cell tissue [110]. As a microfluidic device can easily detain air borne pathogens, by sim-
ply converting the laminar flow into a twisted air flow, the probability of contact between
the microfluidic channels and microbe can be increased. Moreover, hundreds of microbes
are collected by the device in some microliters of the solution, which proves to be sufficient
for nucleic acid or immune analyses. There are many substances that can be detected by
microfluidic systems such as creatinine [111,112]. Hormones are also detected by these
devices, whose most common example is the diagnosis of human chorionic gonadotropin
hormone by a paper-based microfluidic device. Recent advancements have been made in
this area for not only detecting but quantifying hormone levels by displaying digitally the
number of weeks of pregnancy [113,114].

Nowadays, a lot of interest has been evolving in the development of organs/ tissues
on chips. There are two main reasons to do this. Firstly, the experiments cannot be directly
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performed on humans, and secondly, human physiology cannot be imitated by animal
models. Furthermore, the time required for testing and the discovery of drugs can also
be reduced, along with the investment cost [110,115,116]. In drug delivery microfluidic
systems, the precise dosage, controlled and sustained release of drugs, targeted delivery,
likelihood of multiple dosing and emergence of very little side effects have multiple
advantages over traditional drug delivery systems. Microfluidic systems have been shifted
towards advanced drug delivery systems with 100% encapsulation efficiency (theoretically).
Three main types of microfluidic systems for drug delivery have been used, which include
drug carriers integrated with the microfluidic lab on a chip system, drug carrier-free
microfluidic system and microneedle-based drug delivery systems [117,118].

The role of nanotechnology cannot be denied in revolutionizing the many aspects of
medicine, drug delivery and therapeutics. Microfluidic devices have served nanotechnol-
ogy in a plethora of applications, such as in the synthesis of nanoparticles. Due to their
uniform shape, narrow size distribution, improved reproducibility and higher efficiency
of encapsulation, microfluidic devices are excellent platforms for their synthesis. The mi-
crofluidic synthetic products that can be served as biosensors are AuNPs that differentiate
the variable concentrations of E. coli and indicate color changes of nanoparticles through
an application installed in smart phones [74]. Nanoparticles such as liposomes synthesized
by microfluidic systems have been widely used in drug delivery systems because of their
prolonged drug delivery and enhanced stability [119]. In addition to already available
microfluidic applications, there are some distinct fields in which microfluidics have been
playing their part. These are template stickers manufacturing, contact lens sensors for
the assessment of the physiological parameters of astronauts, devices with low sample
requirements from pediatric patients, the microfluidic machine learning based approach for
processing data and making accurate predictions in results optimization. This approach has
multiple advantages in next generation drug discovery, organ modeling and developmental
biology [120,121]. Figure 3 Shows the applications of microfluidic systems in disease diag-
nosis, cell culture, chemicals and drugs screening, personalized medicines, drug delivery,
DNA sequencing and cell separation and treatment. “Created with BioRender.com”.
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3. Limits, Challenges and Policy Recommendations
3.1. On-Site Sample Preparation

Microfluidic POCT devices offer a rapid, easy-to-use, cost-effective approach for
nucleic acid testing. At the same time, the device must be sensitive, specific and reliable in
clinical settings. Microfluidic systems must be fully enclosed to avoid any contamination
and evaporation of reactants. To maximize the detection efficiency, it is ideal to combine
the three phases of sample preparation, nucleic acid amplification and signal detection on
a single platform. However, in most cases, sample pretreatment is necessary to provide
sufficient detection sensitivity. The miniaturization and standardization of the systems for
on-site diagnostic purposes will be a future technological challenge. However, the more
prevalent use of microfluidic devices will enable greater access to diagnostic testing for
patients [122]. Therefore, there is a need for an efficient system that must be integrated
on a chip for on-site sample preparation without any need for extra steps Research in the
domain of microfluidic plasma separation will focus on creating such apparatuses that
isolate pure and high yield plasma of greater volumes, because assays for the detection of
blood biomarkers present in low quantities require large volumes of plasma.

The development of straightforward and extremely portable, user friendly devices
does not require any additional hardware for these devices to be used in areas with limited
resources [32,123].

3.2. Nonspecific Adsorption

Moreover, when there is a very low concentration of the target analyte in the sam-
ple, nonspecific adsorption of the target biomolecule to the microfluidic channel walls
may result in false-negative results. Moreover, NAT assays based on the utilization of
DNA probes are preferable when there is a significantly higher concentration of nucleic
acid. However, nucleic acid at a low concentration is insufficient for detection by this
method [13]. For that, there is a need for the modification of microfluidic channels. These
modifications also play an important role in reproducibility of the results and ensure the
sensitivity of the system. The capillary actions of paper-based analytical devices (µPADs)
enable direct movement of the analyte from the blood or serum in the detection zone,
which is accomplished without any external support. Despite the simplicity of the method
and low cost, the lack of reproducibility of µPADs is a major hurdle in this regard. How-
ever, progress has been made to increase the stability of enzymes on paper by using chi-
tosan, 3-aminopropyltriethoxysilane modified nanoparticles and multiple layers of papers
or 3D-PADs.

3.3. ComplexityinAdopting Multiplexing Approach

For a multiplexed POCT, the optimal device should have a high sensitivity, capability
of multiplexing, quick turnaround time, good sensor performance and simplicity of sys-
tem. By designing different sets of primers for various targets, a multiplex DNA analysis
of different targets can be performed on a single chip. Developing a single chip-based
multiplexed microfluidic system has a wide range of applications, but the amplification
of multiple targets in a single reactor or in multiple chambers will make the system more
complex. However, there is a possibility that a better sensitivity and specificity may be
obtained in this regard. Lastly, the development of a user-friendly, sensitive, specific,
portable and low-cost detection method for multiplex detection will be a point of interest
for research in the future.

3.4. Introduction of Microfluidic Devices in Wearable Systems

Although miniaturization and multiplexing have been achieved, the introduction
of such techniques to wearable systems is prevented by active pumping. By skillfully
combining the idea of digital microfluidics and sliding apart two plates manually, the
SlipChip compartmentalizes constant fluidic paths into discrete volumes without the use
of external pumps. The same group reported a thirty minute digital antibiotic sensitivity
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test on a urine sample based on SlipChip [124,125]. Utilizing vacuum chambers is a smart
replacement for the use of external pumps. Two significant challenges are faced during
the designing of wearable sensors for very low level biomarker detection: wash free and
label-free assays optimized for the integration of systems and the rate of recognition site
regeneration for constant monitoring [126].

3.5. Signal Readout

A semi quantitative readout signal is another drawback in the paper-based microfluidic
approach, which can be improved by using alternative detection methods such as nan-
odots or electrochemistry-based fluorescence detection that can improve the quantification
of PAD. This underlines the conflict between the usefulness and simplicity of PADs, be-
cause this strategy necessitates external support, which would undermine their portability
and usability.

In recent years, there have been numerous reports on monolithic microfluidic devices
that perform sample preparation, isolation, amplification and detection on a single plat-
form. Therefore, we anticipate additional development in integrated systems, such as
multiplexed testing for the simultaneous detection of multiple analytes. In the future, the
commercialization of such devices will necessitate the mass production of disposable chips
at reasonable rates. Two requirements should be considered to achieve this goal: inexpen-
sive and disposable polymers that will be preferable for mass production and will have
sufficient detection characteristics. However, the materials must possess enough thermal
and mechanical qualities to withstand the temperatures needed for the amplification of
nucleic acids [127–132].

4. Conclusions

The isothermal amplification of nucleic acids using micro-structured microfluidic
devices demonstrates a significant ability for the greater speed and cost-effective automa-
tion of procedures ranging from sample preparation to signal detection. A lower sample
volume requirement is quite helpful, especially when less amounts of samples are available.
Nucleic acids can be extracted and amplified within minutes to hours on a microfluidic
device without the use of conventional burdensome sample preparation and amplification
processes by merging sample preparation and one of the methods for isothermal amplifica-
tion. The utilization of modular microfluidic technology has made it possible to design a
microfluidic device according to one’s requirements by selecting a module and connection
method of your own choice. Signal detection is also performed on-chip, which makes it
a convenient and an ideal POCT device. Due to better sensitivity and specificity, NAT
assays have prevailed over the use of conventional immunoassays. The selection of the
amplification type for microfluidic NAT entirely depends upon the nature of the target.
Despite its inception, the field of microfluidics has attained attention from researchers
present all over the world.

Recent advancements in CRISPR-based detection systems have drawn researchers’
interest in the detection of individual and multiple diseases on a single platform. By using
CRISPR/Cas technology in microfluidic systems, next-generation diagnostic methods
can be improved to a certain extent. The contribution of the microfluidics integrated
fluid mechanics approach for the synthesis of nanoparticles with homogenous sizes and
shapes has been utilized in various applications of the biosciences and health care sectors.
Conventional procedures need huge instrumentation, extra power, heat loss and plenty
of time for the synthesis of nanoparticles, whereas traditional tools have been reduced
to one platform for micro and nanoparticle syntheses. The nanoparticles synthesized by
microfluidics allow fast handling and better efficacy of the procedure using the smallest
components to run the process. Moreover, microfluidic technology has benefited the
biomedicine field by proving itself a suitable candidate for the diagnosis of diseases,
observing pandemics and glucose monitoring. However, it is anticipated that the discipline
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will increase the understanding of biomedicine, nanoparticle synthesis and point towards
interruptions by addressing numerous healthcare related issues.
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