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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the ongoing
COVID-19 (coronavirus disease-2019) outbreak and has unprecedentedly impacted the public health
and economic sector. The pandemic has forced researchers to focus on the accurate and early detection
of SARS-CoV-2, developing novel diagnostic tests. Among these, microfluidic-based tests stand out
for their multiple benefits, such as their portability, low cost, and minimal reagents used. This review
discusses the different microfluidic platforms applied in detecting SARS-CoV-2 and seroprevalence,
classified into three sections according to the molecules to be detected, i.e., (1) nucleic acid, (2) anti-
gens, and (3) anti-SARS-CoV-2 antibodies. Moreover, commercially available alternatives based on
microfluidic platforms are described. Timely and accurate results allow healthcare professionals to
perform efficient treatments and make appropriate decisions for infection control; therefore, novel
developments that integrate microfluidic technology may provide solutions in the form of massive
diagnostics to control the spread of infectious diseases.
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1. Introduction

The World Health Organization (WHO) has reported that, up to January 2022, the
number of confirmed COVID-19 infections exceeded 340 million cases worldwide. More-
over, consequences in terms of public health have been severely exacerbated due to the
viral evolution over time, which is causing the emergence of new variants. These mutations
can give rise to substitutions in the amino acids of the viral proteins, affecting properties
such as the propagation of the virus and the severity of symptoms post-infection, causing
changes in public health measures and a loss in the effectiveness of drugs, vaccines, and
diagnostic methods [1].

Therefore, massive diagnostic tests for detecting SARS-CoV-2 have been suggested by
the WHO to decrease the spread of the virus and its consequences on populations” health
and the global economy. In this manner, accessible, affordable, and accurate diagnostic de-
vices are urgently required for SARS-CoV-2 and its emerging variants, both for controlling
the spread of COVID-19 and for the resumption of economic activities [2]. In this regard,
quantitative reverse-transcription-polymerase chain reaction (RT-qPCR) has been reported
to be the most reliable method for the screening and diagnosis of COVID-19 [3,4], and is
the most predominantly used method through the analysis of respiratory samples [3,4].
Although this method is highly sensitive, it requires expensive instruments and reagents,
extensive sample processing, and specialized personnel, limiting its large-scale application
outside equipped clinical laboratories [2,5].
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To overcome these challenges, microfluidics for point-of-care (POC) testing devices
have been recently applied for COVID-19 [2,6]. In this work, we review and discuss the
different types of microfluidic-based tests relevant to COVID-19. We divide the tests into
three categories based on their detection targets: nucleic acid, antigens, and anti-SARS-
CoV-2 antibodies. This review examines the emerging role of microfluidics in a pandemic
context that demands a reduction in costs and the substitution of sophisticated equipment,
massifying and democratizing diagnosis for the entire population.

2. Microfluidics Applied to COVID-19

Microfluidics is an emerging technology that studies the behavior, control, and manip-
ulation of fluids, either gases or liquids, constrained into micrometer- or nanometer-sized
structures or channels [7]. The behavior of the fluids in such microchannels is different
in comparison to the macroscale. Consequently, microfluidic systems exhibit apparent
advantages such as: (i) less sample is required, (ii) lower consumption of reagents, (iii) the
ability for simultaneous sample processing, (iv) accelerated reaction rates, (v) enhanced
precision and sensitivity, and (vi) reductions in the quantities of waste products [8,9].

Due to the ability of microfluidics to accurately handle small quantities of samples
and its use of well-controlled environments, it has been effectively applied in different
applications such as nanofabrication [10], energy generation [11], and optofluidic reactors
for water treatment [12]. Moreover, microfluidic systems have been successfully applied
as diagnostic devices, motivated by the inaccessibility, impracticality, unaffordability, and
high costs of fully equipped laboratories for a large part of the population [13].

Microfluidics forms the basis of technologies such as lab-on-a-chip, which allows
any sample analysis procedure—separation, concentration, dosing, mixing, incubation,
reaction, and detection—to be integrated on a microfluidic chip [9]. Moreover, the operation
of microfluidic platforms can be completely automated, thus reducing human errors and
improving repeatability [14]. In this sense, microfluidic research on diagnosis has been

rapidly increasing in recent times (Figure 1).
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Figure 1. The number of publications per year on microfluidics applied in diagnosis. Note: Scopus
database using a combination of the keywords “microfluidics” and “diagnosis”.

Microfluidics diagnostic systems are integrated by detection components and fluid
regulatory elements that can detect different molecules such as nucleic acid, antigens, or
antibodies, producing an optical, electrical, or electrochemical signal with a diagnostic
result [15] (Figure 2). In addition, their portability, convenience, and connectivity allow for
the rapid examination of diagnostic results near the patient site (point-of-care devices) [16].
Therefore, research efforts in microfluidics have been focused on the diagnosis of different
infectious diseases, such as dengue [17,18], Malaria [19], Zika [18], and more recently,
SARS-CoV-2 [2].



Biosensors 2022, 12,179

3 0f20

Positive

Antigens

'y

Nucleic acids ~ Antibodies

Threshold

Negative

o
o0
(=}
-
=
o
=
=
<
[aW

Sample input Sample processing Signal output and analysis

Figure 2. Schematic representation of a basic workflow using a microfluidic platform capable of
sensing molecules such as nucleic acid, antigens, and anti-SARS-CoV-2 antibodies, producing a
signal output. Created with Biorender.com (accessed on 11 February 2022) and extracted under
premium membership.

3. Nucleic Acid Detection

The first sequence of the SARS-CoV-2 virus was obtained at the end of 2019. This
achievement enabled the possibility of accessing its genetic code in databases, which is
the most critical information for developing diagnostic techniques based on nucleic acid
detection. SARS-CoV-2 is a single-stranded positive RNA virus with several genes such
as the ORFlab, RARP, E, N, and S genes. The first diagnostic tests approved and used in
this pandemic were designed to detect the N gene. Currently, researchers have developed
different tests with multiple-gene detection to increase the certainty and ability to identify
viral variants [20,21]. RT-qPCR is the gold standard for COVID diagnosis and the test
recommended by the WHO due to its relatively elevated sensitivity and specificity. In
addition, RT-qPCR tests have been extensively studied, showing significant advances
in understanding the technology and infrastructure necessary to implement protocols
worldwide [22]. However, the pandemic requires better techniques to manage the outbreak
efficiently; thus, research efforts are imperative to develop new diagnostic tools that meet
the current demands. We present several proposals regarding nucleic acid detection by
means of microfluidics, divided into three main sections depending on the technology
used: PCR, isothermal amplification, and clustered regularly interspaced short palindromic
repeats (CRISPR)/biosensors. Figure 3 presents a graphical overview of microfluidic
techniques used to detect nucleic acid from SARS-CoV-2.

3.1. Based on PCR

Millions of RT-qPCR tests have been performed worldwide, which have significantly
helped to diagnose COVID-19. However, the severity of the pandemic makes the traditional
PCR method insufficient to control the problem. The most important limitations are
shortages of reagents, limited staff, the analysis time, and the massive sample processing
requirements [22]. Several proposals have recently been reported in scientific journals to
solve those challenges. For example, a portable microfluidic-chip qPCR method that can
detect the SARS-CoV-2 virus directly from saliva samples has been recently reported. This
technique utilized a microfluidic chip where the sample is placed, and all the reaction stages
(heat, mix, and detection) are performed; this device can perform multiplex assays detecting
up to three targets, showing a virus detection of 1000 copies/mL in saliva samples [23].

An essential approach in microfluidics is high-throughput sample processing. Fassy
et al. and Xie et al. have reported the use of a gPCR method with the potential to perform
massive assays to detect the SARS-CoV-2 virus [24,25]. The reported technology is based
on a nanofluidic qPCR method using the 192.24 IFC chip (Fluidigm, CA, USA) (Figure 3),
which can process 4608 samples in a single run. This technology also performs multiplex
assays with 24 different probe sets, which is very convenient for identifying SARS-CoV-2
variants or confirming the diagnosis with the amplification of other targets. Moreover, the
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reaction volume was reported to be as low as 10 nL, which is an important characteristic in
terms of reducing the amount of reagents used and the consequent decrease in the price of

tests [24,25].
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Figure 3. Graphical summary of microfluidic techniques used to detect nucleic acid from SARS-CoV-2
and its main characteristics. Created with Biorender.com (accessed on 11 February 2022) and extracted
under premium membership.

Using this technology, Fassy et al. proposed an optimized protocol for SARS-CoV-2
RNA detection without the need for viral RNA extraction, which reduces the processing
time [24]. Through microfluidics, researchers have pursued volume reduction with the aim
of producing low-cost tests. For example, Cojocaru et al. reported a PCR test based on a
disposable microchip with lyophilized primers and probes capable of providing results in
less than 30 min using a volume of 1.2 pL per reaction. They determined a limit of detection
(LOD) of one copy per reaction with clinical samples from Canadian patients [26]. Moreover,
another microfluidic form of PCR is the lab-on-a-disc, applied to COVID-19, including the
multi-detection of Influenza A and B. The LOD of this device was 20 viral copies, with a test
time of 1.5 h [27]. Another recent and novel development is a microfluidic nanoplasmonic
gPCR method based on a microfluidic chip that integrates glass nanopillar arrays with Au
nanoislands and microfluidic channels, in which the PCR reaction amplifies the E gene
from SARS-CoV-2. The main characteristic of the reported microfluidic system is its rapid
capacity to detect the presence of SARS-CoV-2, requiring around five minutes with an LOD
of 259 copies/puL [28]. Overall, these microfluidic PCR platforms have demonstrated the
potential for optimal and rapid virus detection.

In addition, one of the objectives of microfluidics is to integrate molecular techniques
in microfluidic chips, developing complete laboratories on a chip that provide relevant
information for a more precise diagnosis. Li et al. [29] reported the synergistic potential of
combined technologies and proposed a workflow using a microfluidic platform to detect
SARS-CoV-2 and then performing whole-genome sequencing. These devices could be
responsible for controlling the pandemic in the future due to the possibility of increasing
the sensitivity of the tests and reducing the costs and time of the tests [29].
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Digital PCR (dPCR) is an emergent and highly precise PCR test, which has received
increasing research attention since it provides absolute quantification of nucleic acid
molecules from very small samples [30]. The most crucial difference between traditional
qPCR and dPCR is the reaction preparation and the equipment required; dPCR requires, as
the first step, the preparation of the sample to be separated in the dispensed reaction, mainly
by means of micropores and droplets. In this way, the overall response can be divided
into multiple compartmentalized reactions, generating small reactors to amplify nucleic
acid independently with a Poisson distribution, leading to analysis based on fluorescent
signals in each compartment. dPCR has shown potential for its use in the clinical field.
Thus, several research groups have employed it to diagnose COVID-19. Bu et al. developed
a microfluidic system that generates programmable on-demand droplets, with the viral de-
tection of 4.68 copies/pL, amplifying the ORFlab and N genes [31]. A similar SARS-CoV-2
dPCR test was reported by Yin et al., which showed equivalent results in viral detection
(five copies/reaction), amplifying the same two genes with the ability to detect the virus
in less than 5 min [32] (Figure 3). Recently, Sun et al. reported a dPCR test composed of a
microfluidic chamber manufactured using a wet-etching process and silicon-glass bonding.
Some interesting features of this microfluidic chip are the low-cost fabrication method,
the generation of microdroplets of uniform volume, and higher stability, with the authors
reporting an LOD of 10 copies/pL, using the ORFlab gene as the target [33].

3.2. Based on Isothermal Amplification

The use of a thermocycler is essential to perform PCR tests. However, infrastructure
deficits in underdeveloped places is one of the most critical limitations. Therefore, there
is an urgent need to develop strategies that do not require expensive equipment, thus
achieving a diagnosis that is accessible to the entire population, regardless of their economic
context. For example, there is an approach based on the isothermal amplification of nucleic
acid, which avoids the use of a thermocycler, replacing it with a simple water bath or
incubator. Several isothermal techniques have been developed and deployed, such as
loop-mediated isothermal amplification (LAMP), rolling circle amplification (RCA), and
recombinase polymerase amplification (RPA) [34]. The isothermal COVID-19 diagnosis
method has attracted worldwide attention due to its potential to massify the diagnosis in
places where there are no laboratories or expensive facilities.

LAMP is a technology that employs four to six primers to recognize different regions
from a target sequence; it is distinguished by requiring a temperature reaction around
65 °C and having shorter reaction times compared to other techniques such as PCR. To
date, the FDA has approved ten COVID-19 tests based on LAMP, and this technology
has been widely applied for the development of COVID-19 microfluidic devices. One
of the first developments was an automated microfluidic disc that is able to perform the
entire process—sample treatment, LAMP reaction, and fluorescence signal detection—after
injecting samples into the disc. The estimated LOD is two copies per reaction, enabling
the processing of up to 21 samples per microfluidic disc in 70 min [35]. Another successful
example of this technology is a device integrated within an aluminum block, detecting
fluorescence emission using a camera controlled by a single-board computer. The au-
thors demonstrated the ability to detect 100 copies of viral RNA within 10 to 20 min,
estimating the device’s cost at around 150 USD [36]. Ganguli et al. created a platform that
includes a microfluidic chip and a smartphone-based reader that demonstrated an LOD of
50 copies/puL within 30 min [37]. Similarly, de Oliveira et al. employed a cell phone as a
reader; they printed a polyester-toner microfluidic device controlled by a fidget spinner
using centrifugal force. The microfluidic chip contains chambers with a 5 puL of volume
capacity, and to perform the LAMP reaction, the sample is incubated using a thermoblock.
They reported a time assay of 10 min, with an LOD of 102 copies of viral RNA and an
estimated cost of 5 USD per test [38].

Recently, colorimetric LAMP tests based on changes in pH values have been devel-
oped, which have also been implemented in microfluidics. Davidson et al. prepared
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microfluidic paper-based analytical devices (WPADs) to detect SARS-CoV-2 via colorimetry.
They demonstrated direct viral detection from saliva samples (without sample processing),
obtaining results that were visible to the naked eye. The microfluidic device could detect up
to 200 copies/uL from saliva samples within 60 min, with an estimated cost of 10 USD per
test [39]. Furthermore, Deng et al. developed a portable device that employs a colorimetric
LAMP with an LOD of 300 copies/reaction within 35 min [40]. On the other hand, Kim
et al. reported a microfluidic device using RCA, which is another isothermal technique
that employs a short primer and is amplified to form long single-stranded nucleic acid
using a circular template and polymerases. This test is based on a device integrated with a
nylon mesh with multiple microfluidic pores and an immobilized primer. Its operation is
based on the fact that RCA amplification occurs when the viral target is present, causing
DNA gelation and, consequently, a blockage of the micropores, preventing the flow of
microfluidics. This device was able to detect SARS-SoV-2 within 5 min at a concentration
of 30 aM [41] (Figure 3).

The RPA isothermal assay has also been applied in microfluidic testing for COVID-19;
this technology has interesting features such as high sensitivity, fast reaction times, lower
temperatures (37 °C to 42 °C), and simple protocols and primer design. RPA is based
on recombinase enzymes to facilitate primer binding to templates and the synthesis of
strands. As in other methods, it is also possible to quantify the amplification process via
fluorescence or colorimetry using lateral flow assays. For example, Liu et al. developed a
microfluidic chip and combined RPA and lateral flow assays to diagnose COVID-19. They
fabricated a PMMA (polymethyl methacrylate) microfluidic chip with two reservoirs, in
which the reactants are mixed, and the reaction is conducted. It also includes a strip with
the conjugated antibodies to perform the colorimetric detection. The chip is incubated at
42 °C for 15 min using a thermoblock; after the amplification time, the chip is inverted to
start the reveal process with the lateral flow assay. They reported an LOD of 1 copy/uL
within 30 min [42] (Figure 3). Interestingly, a microfluidic disc combining LAMP and RPA
technologies was recently developed, demonstrating the ability to detect multiple targets
of SARS-CoV-2 and measles virus via fluorescence, with an LOD as low as 10 copies within
one hour of the reaction [43].

3.3. Based on CRISPR

CRISPR is an emerging and powerful technique that has also been applied to detect
nucleic acid, exhibiting high versatility, sensitivity, and specificity. The use of CRISPR in
diagnostics is based on the reaction of “collateral cleavage” induced by a nuclease, such as
Cas12 and Cas13. These CRISPR-Cas nucleases can be directed to a guide RNA (gRNA)-
specific target sequence. Furthermore, this reaction can be analyzed through fluorescence
signals, a practical approach to detecting pathogens.

Several research groups have integrated CRISPR into microfluidic technology to
detect SARS-CoV-2, developing novel devices to improve diagnosis. One of the first
CRISPR microfluidic chips developments applied to the diagnosis of COVID-19 used an
electrokinetic microfluidic technique termed “isotachophoresis” (ITP) (Figure 3). Using
this technology, Ramachandran et al. developed a microfluidic chip to extract nucleic acid
from raw biological samples. Furthermore, the chip can mix the reagents and accelerate
enzymatic reactions with the viral target. The authors reported multiple benefits obtained
using this technique, such as lower consumption of reagents in comparison to traditional
methods (lower than 0.2 pL), a decrease in the sample processing time (30—40 min from
sample to results), and an LOD as low as 10 copies/uL [44].

Li et al. proposed a microfluidic system combining RPA amplification, CRISPR cleav-
age, and lateral flow detection. Their developed microfluidic chip was integrated with a
reaction chamber that stored lyophilized reagents and a portable hand warmer to incubate
the reactions to amplify SARS-CoV-2 nucleic acid, avoiding the use of electricity; this
portable microfluidic system displayed an LOD as low as 100 copies [45] (Figure 3). Simi-
larly, a CRISPR assay that is able to detect SARS-CoV-2 was implemented in a microfluidic
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chip with reaction chambers, a heating module to incubate the reactions at 37 °C, and a
compact fluorescence imaging system for monitoring the fluorescence signal; an LOD of
31 copies/uL within 20 min of reaction was reported [46].

3.4. Other Microfluidic Developments

The detection of SARS-CoV-2 nucleic acid has also been achieved using other types of
microfluidic biosensors. For example, Zhao et al. developed an automated microfluidic
platform based on nanotechnology to detect the S gene from the SARS-CoV-2 virus. This
technology, known as the “electrochemical system integrating reconfigurable enzyme-DNA
nanostructures” (eSIREN), integrates multiple responsive molecular nanostructures to form
a catalytic molecular circuit with the aim of sensing the viral presence. It presented an LOD
of 7 copies/uL after approximately 20 min of reaction at room temperature [2].

Another example of technologies not frequently explored is the one developed by
Hwang et al., which consists of interdigitated platinum/titanium electrodes to detect
SARS-CoV-2 nucleic acid. In this technique, the detection is based on sensing the hy-
bridization from the viral analyte with probe DNA, and using physicochemical analytical
techniques such as Fourier-transform infrared (FTIR) spectrometry, contact-angle analysis,
and capacitance-frequency measurements. This approach allowed the detection of the RdRp
gene with a sensitivity of 0.843 nF/nM [47]. Finally, Iwanaga reported the development of
a microfluidic chip using a biosensor based on an all-dielectric metasurface fabricated with
silicon-on-insulator nanorod arrays to enhance the fluorescence signal and demonstrated
an LOD of 250 amol/mL within 30 min of the reaction [48]. Table 1 summarizes the diverse
microfluidic assays used for the detection of SARS-CoV-2 nucleic acid.

Table 1. Microfluidic assays for the detection of SARS-CoV-2 nucleic acid.

et 1op e SptionTime” Reerence
(Minutes)

qPCR 9 copies/rxn N Fluorescence NR [23]
qPCR 7 copies/rxn N, E, ORFlab, S and NSP6 Fluorescence <120 [24]
qPCR 7 copies/uL N Fluorescence <120 [25]
qPCR 1 copy/rxn N Fluorescence 30 [26]
qPCR 20 copies/rxn N Fluorescence 90 [27]
qPCR 259 copies/puL E Nanoplasmonic 5 [28]
dPCR 4.68 copies/uL N and ORFlab Fluorescence 45 [31]
dPCR 5 copies/rxn N and ORFlab Fluorescence 5 [32]
dPCR 10 copies/pL ORFlab Fluorescence <60 [33]
LAMP 2 copies/rxn N, E and ORFlab Fluorescence 70 [35]
LAMP 100 copies/rxn ORFlab Fluorescence 20 [36]
LAMP 50 copies/puL N, ORFlab and ORF8 Fluorescence 30 [37]
LAMP <1 copy/uL N Fluorescence 10 [38]
LAMP 200 copies/pL N and ORFlab Colorimetric 60 [39]
LAMP 300 copies/rxn N and E Colorimetric 35 [40]
RCA 30 aM/rxn ORFlab Gelation 5 [41]
RPA-LFA 1 copy/uL N Colorimetric 30 [42]
RPA-LAMP 10 copies/rxn S Fluorescence 60 [43]
CRISPR 10 copies/pL N and E Fluorescence 40 [44]
CRISPR-LFA 100 copies/rxn N Colorimetric NR [45]
CRISPR 31 copies/puL N, S and ORFlab Fluorescence 20 [46]

Abbreviations: LOD (limit of detection); NR (not reported); rxn (reaction); LFA (lateral flow assay).
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4. Antigen Detection

Currently, there are a few reports on microfluidic immunoassays for the detection
of SARS-CoV-2 viral proteins, despite their multiple benefits such as their low cost and
the rapid processing of samples compared to PCR tests that use nucleic acid detection.
In addition, antigen immunoassays can perform more convenient detection since they
can detect the presence of the virus when the person can transmit it, unlike serological
immunoassays that identify IgG and IgM antibodies against SARS-CoV-2, which require at
least a few weeks for their detection. Therefore, immunoassays of antigens allow effective
measurements of viral proteins, obtaining results in less than an hour with detection ranges
from fg to ug (Table 2).

The most relevant antigens for detecting SARS-CoV-2 in clinical samples are the nu-
cleocapsid protein (N) and the spike protein (S). The S protein is a glycoprotein on the
virus’s surface, composed of 51 and S2. In addition, S1 contains a region known as the
receptor-binding domain (RBD), which facilitates the entry of SARS-CoV-2 into the host
cells [49,50]. The N protein is an immunogenic protein that packages the genome RNA
of the virus, forming helical nucleocapsids [50,51]; it is used as an early indicator since
it allows the identification of SARS-CoV-2 up to one day before symptoms appear [52].
Furthermore, the N protein is considered a better target than the S protein because the
latter is less abundant and, under selective pressure, is more prone to mutations [53].
The detection of SARS-CoV-2 proteins by means of microfluidic immunoassays consists
mainly of flow-through assays [54]. The sample obtained from serum or nasopharyngeal
or oropharyngeal swabs [55] is subjected to this flow to identify viral SARS-CoV-2 proteins
via direct or sandwich immunoassays. Direct immunoassays consist of immobilized anti-
SARS-CoV-2 antibodies or nanomaterials (polymers and fibronectin) on a sensor’s surface,
which allows one to identify the presence of proteins such as S, RBD, and N [56-59]. In
contrast, sandwich-type immunoassays consist of the formation of complexes between
anti-SARS-CoV-2 antibodies anchored to microspheres, nanobeads, or microbeads that
interact with SARS-CoV-2 viral proteins such as S, RBD, and N. These complexes are
subsequently captured by aptamers or a second anti-SARS-CoV-2 antibody, either immo-
bilized (on a gold electrode or silica) or free (attached to fluorescent reporters or colored
nanobeads) [53,57,60,61]. The identification of SARS-CoV-2 virus in samples of interest
by means of direct or sandwich microfluidic immunoassays is performed after the in-
teraction of the anti-SARS-CoV-2 antibodies, nanomaterials, or aptamers with the viral
proteins, which produes a fluorescence signal, or changes in electric current, absorbance, or
color [62-64].

The primary type of microfluidic immunoassays is based on the interaction of viral pro-
teins with anti-SARS-CoV-2 antibodies or nanomaterials immobilized on a sensor (which
detects changes in the electric current) or an electrode, typically covered with graphene,
aluminum, fluorine-doped tin oxide electrode (FTO), screen-printed carbon electrode (SPE),
or gold nanoparticles (AuNPs). These materials allow the identification of electrical conduc-
tivity changes when the antibodies interact with the antigens [57,59,65]. As a representative
work of this type of immunoassay, Seo et al. developed a direct microfluidic immunoas-
say that uses a field-effect transistor (FET) coated with graphene sheets conjugated with
anti-SARS-CoV-2-Spike antibodies that cause a voltage change when interacting with the
viral particles. This chip did not require the processing or labeling of samples obtained
from a nasopharyngeal swab and presented an LOD of 2.42 x 10? copies/mL in less than
5 min [66]. Another important type of microfluidic immunoassay is generating a redox
reaction caused by anti-SARS-CoV-2 antibodies conjugated with enzymes (that interact
with their substrate) or redox probes (electron transfer) in the presence of the SARS-CoV-2
viral proteins. Li and Lillehoj reported an immunoassay using this type of signal, which
consumes minimum quantities of reagents and enhances the detection sensitivity. Their
immunosensor comprises a novel sandwich immunoassay. It uses dually-labeled magnetic
nanobeads tagged with HRP (horseradish peroxidase). It is covered with anti-SARS-CoV-2
antibodies that interact with the viral proteins, forming a complex captured by a second
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anti-SARS-CoV-2 antibody immobilized on a gold electrode. In the presence of a TMB
substrate, this complex produces an electrochemical signal that can be detected by smart-
phones or electronic devices, with an LOD of 50 pg/mL in whole serum samples, providing
results in less than an hour [60].

Interestingly, Yousefi et al. designed a direct immunoassay that integrates an antibody
conjugated with a negatively charged DNA linker, labeled with a redox probe (ferrocene),
which binds to the surface of the positively charged sensor when it interacts with an S
protein, thus generating a redox reaction that the sensor detects. This immunosensor
has an LOD of 4 x 10° viral particles/mL in unprocessed saliva samples, generating
results in approximately five minutes [58]. On the other hand, Raziq et al. proposed
an electrochemical sensor using molecularly imprinted polymers (MIPs) acting as the
antibodies; they were interfaced with a thin film electrode and connected to a portable
potentiostat, providing high sensitivity and the ability to discriminate between molecules
to exclusively detect N proteins from nasopharyngeal samples with an LOD of 15 fM [63].

Microfluidic immunoassays that use fluorescence signals to detect SARS-CoV-2 consist
of antibodies or aptamers labeled with fluorescent reporters (probes, fluorophores, or
submicron particles) that emit a signal that is directly proportional to the viral particles
dispersed in the analyzed sample [56,67]. Stambaugh et al. presented a successful example
of this technique, creating a photonic chip-based sandwich immunoassay. Basically, the
anti-SARS-CoV-2 antibody is linked to a fluorescent DNA probe that has a photo-cleavable
spacer, which interacts with the SARS-CoV-2 viral proteins, forming a complex. This
complex is captured by a second antibody, which emits a fluorescence signal when is
exposed to UV radiation. This compact device allows the simultaneous detection of
Influenza A and SARS-CoV-2 with an LOD of 30 ng/mL from nasopharyngeal samples [68].
Alternatively, Ge et al. developed a test for the effective detection of the SARS-CoV-2
virus at the femtoliter scale. The device confined magnetic beads covered with anti-SARS-
CoV-2-N antibodies and biotin-labeled aptamers interacting with the N protein, forming a
sandwich immunoassay. The fluorescence signal was observed in the presence of the SARS-
CoV-2 virus and streptavidin-B-galactosidase. This device had an LOD of 33.28 pg/mL,
which is 300 times lower than that of the traditional ELISA sandwich method [61].

Optical techniques have also been used to detect SARS-CoV-2 proteins, in which
antibodies anchored to AuNPs, enzymes, or colored nanobeads are used; their interaction
with viral proteins leads to changes in the absorbance or the observation of a color signal in
the visible spectrum. An excellent example of this technique was reported by Xu et al., who
prepared a handheld microfluidic hydrodynamic filtration device based on a sandwich
immunoassay, in which the N protein of SARS-CoV-2 interacts with anti-SARS-CoV-2-
N antibodies, binding to white microbeads and to a second antibody anchored to a red
nanobead, forming a complex. Then, the complex enters the observation zone (OZ) via
microfluidic filtration; a red color is observed when the antigen is present, whereas a white
color is observed in the absence of the antigen since free red nanobeads pass through the
pillar gaps, leaving the white beads in the OZ. This device had an LOD of <100 copies/mL in
nasal samples, with outstanding sensitivity and specificity of 95.4% and 100%, respectively.
In addition, they reported an estimated cost of 0.98 USD per test and the possibility of
reusing the device more than 50 times [53].

Regarding the use of conjugated enzymes, Sun et al. proposed a paper-based mi-
crofluidic sandwich immunoassay, which consists of an antibody conjugated to HRP and a
second anti-SARS-CoV-2-N antibody immobilized on the chitosan-glutaraldehyde surface
of the immunosensor. In the presence of the N protein, this biosensor generates a black
spot observed with the naked eye with an LOD of 8 pg/mL [64]. On the other hand,
Murugan et al. reported a biosensor based on absorbance changes. The authors created a
plasmonic fiber-optic absorbance biosensor (P-FAB) on a U-bent optical fiber probe. In their
work, two different types of design were proposed: a direct immunoassay and a sandwich
immunoassay. In the direct immunoassay, antibodies were immobilized to AuNPs placed
on the biosensor’s surface. In contrast, the sandwich immunoassay consisted of antibodies
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anchored to the biosensor’s surface and secondary antibodies conjugated with AuNPs. In
both designs, the interaction of the N proteins with the antibodies resulted in absorbance
changes. This portable device had an LOD of 10~ M for saliva samples (using a volume of
25 pL) with minimal pre-processing procedures, obtaining results within 15 min [62]. These
types of microfluidic immunoassays allow the rapid detection of SARS-CoV-2 proteins
(<1 h) and involve minimum or null sample processing, compared to ELISA. However, this
traditional technique involves time-consuming processes ranging from several hours to
days. Another emergent method to detect viral antigens is through Raman spectroscopy.
Recently, Huang et al. reported a rapid assay combing Raman spectroscopy and a deep
learning model to detect the S protein from COVID-19 patients within 20 min [69].

Table 2. Microfluidic immunoassays for the detection of SARS-CoV-2 proteins.

. Processing
Type Specimen LOD Targe‘t Detection Time Reference
Immunoassay Protein Method (Minutes)
Sandwich Serum 33.28 pg/mL N Fluorescence <120 [61]
Immunoassay
Direct Saliva NR VP Fluorescence <30 [56]
Immunoassay
Sandwich Serum, Saliva,
Immunoassay Nas;rf);lil;yui\egeal 8 ug/mL N Colorimetric >30 [64]
Direct and
sandwich Saliva NR N Absorbance 15 [62]
Immunoassay
Direct Blood 1fg/mL S Voltage 0.05 [57]
Immunoassay
Direct Saliva 4090 viral S Electrochemical 5 [58]
Immunoassay particles/mL
. -6
Direct Food 2.29 x 10 s Voltage 0.33 [59]
Immunoassay ng /mL
. Direct Saliva 90 fM S Electrochemical 0.5 [65]
immunoassay
. Sandwich Serum 230 pg/mL N Electrochemical <60 [60]
immunoassay
. Sandwich Nasopharyngeal NR VP Fluorescence 15 [67]
immunoassay and serum
Sandwich <100 . .
immunoassay Nasopharyngeal coples/mL N Colorimetric >30 [53]
Sandwich
immunoassay Nasopharyngeal 30 ng/mL N Fluorescence <120 [68]
Direct 242 x 10°
immunoassay Nasopharyngeal copies/mL S Voltage >1 [66]
Direct
immunoassay Serum 1 pg/mL S Voltage 15 [70]
. Direct Nasopharyngeal 15 fM N Electrochemical >30 [63]
immunoassay

Abbreviations: LOD (limit of detection); N (nucleocapsid protein); S (spike protein); VP (unspecified SARS-CoV-2
viral proteins); NR (not reported).

5. Anti-SARS-CoV-2 Antibody Detection

Serological tests for SARS-CoV-2 are highly relevant since they not only provide
information on the existence of a viral infection but also on the severity of the disease
(which is correlated with age and antibody expression), as well as information on the
success of vaccination in people not infected with SARS-CoV-2 [71,72]. Antibody expression
occurs as a reaction to the SARS-CoV-2 virus, secreted by B lymphocytes. There are various
antibodies involved; however, IgG and IgM isotypes are the most relevant for developing
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serological tests since these isotypes are found more frequently in the blood and are
expressed during different periods [73-75]. IgM antibodies appear between the fourth
and tenth day post-infection, whereas IgG antibodies are expressed during the second
week post-infection [74,76-78]. Microfluidic immunoassays for detecting antibodies against
SARS-CoV-2 consist mainly of antigens (S, RBD, or N proteins) that capture IgM or IgG
antibodies depending on the post-inoculation time of SARS-CoV-2 via direct, indirect, and
sandwich immunoassays (Table 3) [79-81].

Direct immunoassays consist of an immobilized antigen on a sensor or electrode
that captures IgG or IgM antibodies. In contrast, indirect immunoassays consist of
an antigen immobilized on the surface of the microfluidic chip, sensor, or electrode
(glass/polydimethylsiloxane, polystyrene, silicon, or paper) that binds to IgG and IgM
antibodies. However, it is necessary to use a second antibody, either label-free or labeled
by an enzyme or fluorophore, in the microfluidic environment emitting a signal (fluores-
cence, voltage change, electrochemical, or colorimetric) in the presence of antibodies against
the SARS-CoV-2 virus [81]. On the other hand, sandwich-type immunoassays consist of an
antigen fixed on the surface of the microfluidic device. They require a second antigen that
is labeled (not immobilized); if the antibodies are against SARS-CoV-2, they will interact
with both antigens producing a fluorescent signal [82].

The signals produced by microfluidic immunoassays to detect anti-SARS-CoV-2 anti-
bodies (IgG or IgM) include fluorescence, colorimetry, and electrochemical signals. Thus,
microfluidic immunoassays can be classified as label-based or label-free assays [83-85].
Label-based microfluidic biosensors for detecting antibodies are usually indirect or sand-
wich immunoassays. They typically consist of secondary antibodies (anti IgG or IgM)
linked to enzymes (in the presence of their substrates) and fluorophores producing color
changes and fluorescence signals, respectively, when they interact with antibodies against
SARS-CoV-2. They can reach low LODs in the range of pg/mL to ng/mL, providing results
in less than one hour [82,86,87].

Regarding microfluidic assays based on colorimetry changes, Gonzalez-Gonzalez et al.
reported an automated ELISA on-chip of polystyrene with four straight channels (with a
capacity of 50 uL./channel). This device is based on an indirect immunoassay that is able
to detect anti-SARS-CoV-2 antibodies against the S protein from serum samples, either
from vaccinated or COVID-19 patients. This microfluidic device consists of S proteins
immobilized on the surface of a microfluidic chip that, using a secondary antibody labeled
with HRP (in the presence of the substrate TMB), detects anti-SARS-CoV-2 (IgG) antibodies.
A colorimetric signal is visible through the use of a smartphone or a microplate reader. In
addition, processes can be programmed using Zen lab software, avoiding sample manipu-
lation and human error [80]. Tripathi and Agrawal developed a semi-automated on-chip
ELISA to detect anti-SARS-CoV-2 antibodies and were able to separate 10 puL of serum from
1 mL of whole blood in approximately 3 min. They used a microfluidic chip fabricated out
of polydimethylsiloxane (PDMS) and glass covered with the S protein [81].

Tan et al. developed a microfluidic immunoassay that detects anti-SARS-CoV-2 (IgG)
antibodies using portable microfluidic chemiluminescent ELISA technology. The device
is made of polystyrene and has 12 channels, with an inner diameter of 0.8 mm, requiring
only 8 uL of serum. This immunoassay consists of an anti-polyhistidine antibody that
immobilizes the S and N proteins that interact with anti-SARS-CoV-2 antibodies, which
in turn bind to the secondary antibody (anti-IgG) labeled with HRP. This immunosensor
has an LOD of 0.06 ng/mL and 1 ng/mL for the N and S proteins, respectively. This
microfluidic chip also allows the detection of antigens (S and N proteins) by immobilizing
a captured antibody on the surface of the chip [88].

On the other hand, the devices that use fluorescence signals to identify anti-SARS-CoV-
2 antibodies consist of antigens or secondary anti-IgG or anti-IgM antibodies labeled with
fluorophores (phycoerythrin and Dylight 550). An example of their successful application
for the detection of SARS-CoV-2 is a polydimethylsiloxane (PDMS) microfluidic chip
developed by Lee et al., which comprises carboxylate polystyrene beads that immobilize
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the RBD protein on the microfluidic chip and conjugated secondary antibodies with Dylight
550 (not immobilized) that release a fluorescence signal when they bind to anti-SARS-CoV-2
antibodies. Furthermore, this microfluidic chip allows the detection of Zika, Dengue, and
Chikungunya viruses within 30 min [86]. Another example of fluorescence immunoassays
was proposed by Rodriguez-Moncayo et al., who used a multiplex format on a semi-
automated platform made of PDMS/glass that allows the identification of the affinity of
anti-SARS-CoV-2 antibodies (IgG or IgM) towards different viral proteins (S, N, RBD, and
S1). This device can process up to 50 samples with an LOD of 1.6 ng/mL, and a sensitivity
and specificity of 95% and 91%, respectively [87].

Similarly, Heggestad et al. reported a microfluidic immunoassay that determines the
affinity of different SARS-CoV-2 viral proteins (51, N, and RBD). They used labeled antigens
with fluorophores on a platform that consisted of a completely autonomous immunoassay.
All the reagents were added to the surface of the platform via inkjet printing. The reported
sensitivity of this device was 100% for antibodies that recognize S1 and RBD proteins and
96.3% for antibodies that interact with the N protein. The specificity for the S1, RBD, and N
proteins was 100% two weeks after the appearance of symptoms [82].

On the other hand, label-free microfluidic assays detect changes in the electrical current
and refractive index. They are typically used in direct or indirect immunoassays to detect
the presence of anti-SARS-CoV-2 antibodies (IgG or IgM). These types of immunoassays
have an LOD for antibodies (IgG or IgM) against SARS-CoV-2 in the range of ng/mL in
diluted serum samples. Qualitative microfluidic chips have also been reported, indicating
only the presence of anti-SARS-CoV-2 antibodies. Sample processing and collection for
label-free-type immunoassays require less than an hour [84,89,90]. An example of this type
of biosensor was proposed by Li et al., consisting of a direct immunoassay on a working
electrode of pieces of paper and carbon ink and zinc oxide nanowires (ZnO NWs), with
an LOD of 10 ng/mL in serum samples. The RBD protein was immobilized, detecting a
current change via electrochemical impedance spectroscopy (EIS) when it interacts with
the anti-SARS-CoV-2 antibodies (IgG) [84]. Another novel immunoassay was reported
by Djaileb et al., detecting IgG antibodies specific for the N and S proteins of infected or
vaccinated patients in serum, plasma, and dried blood spot samples. The immobilized
viral proteins on the surface of the plasmon resonance instrument produced a shift in the
refractive index when they interacted with anti-SARS-CoV-2 antibodies. The LOD was
2 nM for indirect immunoassays and 3 nM for direct immunoassays [89].

Funari et al. developed an indirect immunoassay based on a localized surface plasmon
in an opto-microfluidic chip. The S protein was immobilized on gold nanostructures, caus-
ing a change in the refractive index after interacting with anti-SARS-CoV-2 (IgG) antibodies
and a secondary anti-IgG antibody. This immunoassay has an LOD of approximately
0.08 ng/mL (0.5 pM), and the results are obtained in 30 min [79]. Xu et al. developed an
all-fiber Fresnel reflection microfluidic (FRMB) that detects IgG and IgM antibodies against
the S protein through a secondary antibody (anti IgG or IgM) acting as a transducer and
biorecognition element. The quantification is achieved according to the relationship of the
intensity of Fresnel reflection light. This biosensor provided results in 7 min and presented
an LOD of 0.82 ng/mL for IgM and 0.45 ng/mL for IgG antibodies [90].

Overall, these microfluidic chips have a lower LOD and higher specificity than tra-
ditional ELISA methods [91]. Furthermore, these devices are highly useful for evaluating
the success of vaccination programs, estimating the affinity of anti-SARS-CoV-2 antibodies
for new variants, and finding plasma donors for patients severely affected by SARS-CoV-2.
However, there are still limitations, such as the production time required for the antibodies,
on which the sensitivity depends, to avoid false negatives. Therefore, further research is
still required to achieve accurate results and practical application.
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Table 3. Microfluidic immunoassays for the detection of anti-SARS-CoV-2 antibodies.
. Processing
Type Specimen LOD Ta'rget . Detection Time Reference
Immunoassay Antibodies Method .
(Minutes)
. Indirect Serum NR Anti-S Colorimetric <150 [80]
immunoassay
. Sandwich Blood NR Anti-S Colorimetric <5 [81]
immunoassay
. Indirect Serum 0.06-1 Anti-N Chemiluminescent 15 [88]
immunoassay ng/mL and S
Indirect Serum,
. nasopha- NR Anti-RBD Fluorescence 30 [86]
immunoassay
ryngeal
Indirect Anti-N, S
immunoassay Serum 1.6 ng/mL and RBD Fluorescence <90 [87]
Sandwich Anti-N, S
immunoassay Blood 0.12 ng/mL and RBD Fluorescence 60 [82]
. Direct Serum 10 ng/mL Anti-RBD Electrochemical 30 [84]
immunoassay
Direct and .
indirect Blood 2-3 nM A?ﬁ_g Absorbance 30 [89]
immunoassay a
. Indirect Blood 0.08 ng/mL Anti-S Absorbance 30 [79]
immunoassay
. Indirect Serum 0.82-0.45 Anti-S Absorbance 7 [90]
immunoassay ng/mL
Indirect Anti-S
immunoassay Serum NR and RBD Absorbance NR [83]

Abbreviations: LOD (limit of detection); N (nucleocapsid protein); S (spike protein); RBD (receptor-binding
domain); NR (not reported).

6. Commercially Available Microfluidic Tests for SARS-CoV-2

The ongoing COVID-19 outbreak has led to high demand for diagnostic tests and
their development; thus, some companies have launched different microfluidic products
on the market. These devices can provide a qualitative diagnosis of the presence of nucleic
acid [91-97] or viral antigens [98-100] of SARS-CoV-2; however, most of them are highly
specialized and exclusive to laboratory use [91-93,95-100]. In addition, these platforms
can be fully automated without requiring sample processing, minimizing contamination or
human error due to manual handling [91-94,96]. Semi-automated modalities can also be
found. However, the processing of the sample plays a fundamental role since purification
and extraction are required to obtain nucleic acid [95,97] or proteins [98,99] before they are
loaded into the equipment.

The microfluidic equipment used to identify SARS-CoV-2 nucleic acid is based on
assays using RT-qPCR, multiplex RT-qPCR (identifying pathogens and respiratory viruses),
RT-LAMP, and isothermal amplification, and in the presence of SARS-CoV-2. These devices
release signals that are directly proportional to the number of viral particles present in the
sample, detected by fluorescence, voltage, or colorimetric sensors (Table 4). On the other
hand, a few commercial microfluidic tests identify SARS-CoV-2 antigens. These are mainly
based on sandwich-type immunoassays, which are released in the presence of SARS-CoV-2
fluorescence, electrochemical signals, or resonance frequency changes (Table 4).
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Table 4. Commercially available microfluidic tests for SARS-CoV-2.
. Processing
Product Manufacturer Type of Target Detection Time Reference
Name Platform Method .
(Minutes)
ePlex GenMark .
- . Nucleic
SARS-CoV-2 Diagnostics, RT-gPCR . Voltage ~120 [92]
Acid
Test Inc.
BioFire BioFire Multiplex Nucleic
COVID-19 test ~ Defense, LLC RT-qPCR Acid ~ Fluorescence 50 93]
QIAstat-Dx
Respiratory QIAGEN Multiplex Nucleic
SARS-CoV-2 GmbH RT-qPCR Acid ~ Fluorescence 60 4]
panel
Lucira
COVID-19 Lucira Health, Nucleic . .
All-In-One Inc. RT-LAMP Acid Colorimetric 30 [95]
Test Kit
Respiratory
Virus Nucleic CapitalBio Isothermal Nucleic Fluorescen 90 [96]
Acid Detection Technology amplification Acid uorescence
kit
Xpert Xpress Nucdleic
SARS-CoV-2 Cepheid RT-qgPCR Acid Fluorescence 45 [97]
test
Microchip
RT-PCR Lumex Nuclei
COVID-19 Instruments RT-qPCR JCCIC Fluorescence 50 [98]
. Acid
detection Canada
system
Omnia Qorvo Biotech- Antigen . Resonance
SARS-CoV-2 nologies immunoassay Proteins frequency ~20 1991
LumiraDx Anticen
SARS-CoV-2 LumiraDx . 18€ Proteins Fluorescence 12 [100]
A immunoassay
g test
Sampinute Celltrion Antigen Proteins  Electrochemical 30-45 [101]
COVID-19 immunoassay

Overall, these diagnostic tests provide results within a few minutes, representing a

valuable benefit in contrast to technologies that require a long time from sample processing
to obtaining the result, allowing the immediate implementation of preventive measures.

7. Limitations and Perspectives

An upward trend related to microfluidics, mainly applied for diagnostics, has recently
emerged; unfortunately, most of the microfluidic-based diagnostic devices are in a proof-of-
concept or prototype stage, which is why more microchips are reported in the literature
than are commercially available. Therefore, there is an evident necessity to mature this
technology for its practical application in diagnosing infectious diseases. Such microfluidic
devices would involve multidisciplinary expertise, compatibility in biological aspects,
and feasible manufacturing at a large scale. For example, the materials used for the
fabrication of microfluidic chips must be designed for final applications to achieve the
optimal performance; a microfluidic chip that requires functionalizing an antibody to detect
a viral antigen will use different materials than those used in a microfluidic device capable
of performing qPCR to detect a viral gene.

Commonly used materials for the fabrication of microfluidic chips that allow the
detection of nucleic acid, antibodies, and proteins of SARS-CoV-2 are based on glass, silicon,
polymers (e.g., PDMS), paper, and metal. With respect to glass, this material is ideal for
chemical reactions in extreme conditions. One of the significant advantages of silicon is
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that it allows the molecular diagnosis of biomolecules from diverse samples. However, its
high cost for large-scale production is a disadvantage that hinders its application.

On the other hand, microfluidic assays using polymers, paper, or metal have accessible
costs for large-scale production; however, they have other drawbacks. The sample should
be selected appropriately in the case of platforms that use polymers since this material
can present a high or low capacity to adsorb diverse molecules. In comparison, paper-
based microfluidic assays are characterized by low cost and small mechanical resistance.
A significant limitation is that if the microfluidic device uses passive pumping, it can be
a considerable challenge to design the fluid circuit’s hydrodynamic resistance properly.
Microfluidic devices made from metal are incompatible with optical detection [102].

Therefore, for large-scale production, it is important to consider the materials to be
used, since the transition from the “proof-of-concept” stage to the “final product” stage,
especially in microfluidics, can result in drastic changes to the original microfluidic chip
design, such as modifications to microfluidic chip materials, dimensions, and structures.
Profitability and large-scale manufacturing capacity are the main factors involved in launch-
ing a microfluidic product to the market, mainly when it is intended to be widely distributed
in a pandemic situation.

Another important factor is the type of biomolecules to be detected. For example,
microfluidic assays that detect SARS-CoV-2 nucleic acid have advantages such as high
sensitivity compared to microfluidic platforms for antigens or antibodies, requiring up
to two viral copies and volumes up to 10 nL due to the exponential amplification [24,25],
indicating the presence of the virus in the early stages of infection [103]. These microfluidic
devices are the market leaders; however, their high costs compared to immunoassays
and the fast degradation of nucleic acids if the samples are not processed immediately or
properly stored represent significant disadvantages.

Microfluidic assays for SARS-CoV-2 antigens are used due to the excellent stability
that the proteins present compared with the nucleic acid. This type of microfluidic assays
can detect SARS-CoV-2 proteins in concentration ranges from fg/mlL to pug/mL [57,64].

To avoid false negatives, the proper detection of SARS-CoV-2 proteins should be per-
formed approximately on the fifth day after the infection, which is typically accompanied by
tests of nucleic acid to confirm the results [49,50]. On the other hand, microfluidic platforms
based on immunoassays to detect antibodies identify the severity of the disease depend-
ing on age and levels of expression of anti-SARS-CoV-2 antibodies. They also allow the
identification of asymptomatic patients and the evaluation of or the success of vaccination
against SARS-CoV-2 with LODs of ng/mL. However, they cannot provide early diagnosis
since the production of antibodies takes approximately two weeks post-inoculation [70,71].

The commercially available microfluidic equipment is based on the analysis of nucleic
acid or viral antigens of SARS-CoV-2. Currently, there are no commercial microfluidic
platforms for identifying anti-SARS-CoV-2 antibodies, for which ELISA is the main method
used [90]. In addition, most microfluidic devices are highly specialized and require labora-
tories to handle them, making them inaccessible in rural areas. In this manner, a significant
limitation is the transportation of samples from the collection site to the laboratories, which
can cause degradation of the nucleic acid or proteins.

Therefore, the different microfluidic platforms used for diagnosing SARS-CoV-2 and
seroprevalence are equally important and complementary to each other, since each one
offers valuable results that will indicate the presence or absence of the virus or the state
of health of the patient. Furthermore, these devices require similar test times for sample
processing and obtaining results and their costs will depend on the material used for
their design.

To achieve progress in microfluidic diagnosis, it is also fundamental to consider that
some microfluidic chips require pumps or fluid controllers to supply the necessary reagents,
which are specialized instruments that many laboratories do not possess. Therefore, one
of the main approaches regarding microfluidics in diagnosis is to simplify or avoid using
specialized or expensive equipment. This will lead to a greater adaptation of microfluidic
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systems in different research groups worldwide, improving accessibility to this technology.
Consequently, a greater understanding of microfluidics would broaden its applications.
The microfluidic proposals applied to COVID-19 reviewed in this work show that a search
is evidently occurring in the scientific community for means of reducing test times and
costs, improving sensitivity, and simplifying or automating the processing of a test through
the employment of microfluidics.

8. Conclusions

This review article describes the diagnostic tools that have emerged to detect nucleic
acid, viral antigens, and anti-SARS-CoV-2 antibodies, using several techniques such as
PCR, isothermal amplification, CRISPR, and immunoassays on microfluidic platforms.
Most of these devices are innovative and portable, with the capacity to be stored for
months, allowing them to reach communities or places without access to laboratories or
hospitals. Furthermore, the microfluidic tests reviewed in this work use minimal amounts
of reagents, reducing the total cost and the need for highly qualified personnel. Compared
to conventional techniques, microfluidic tests can take minutes to a few hours to obtain
accurate results, enabling healthcare professionals to implement efficient treatments and
more appropriate infection control decisions. Microfluidic technology can gradually change
the course of diagnosis in infectious diseases, especially in successive contagious disease
outbreaks. COVID-19 has highlighted the importance of having sufficient supplies and
technology that can to be applied directly to the clinical area. The pandemic has left us
with several interesting proposals for microfluidic chips that may provide solutions in the
near future to enable massive diagnosis, replacing qPCR as the gold standard.

Author Contributions: E.A.F-C. and R.B.G.-G.—conceptualization, revision, and writing of the
manuscript; . EY.-d.L., and I.P.R.-S.—manuscript writing; E.G.-G. and H.M.N.L.—conceptualization,
revision, and writing and editing of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by Consejo Nacional de Ciencia y Tecnologia (CONA-
CYT) and Tecnolégico de Monterrey under Sistema Nacional de Investigadores (SNI) program to
Hafiz M. N. Igbal (CVU. 735340) and Everardo Gonzalez-Gonzélez (CVU. 635891).

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

References

1.  WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard with Vaccination Data. Available online:
https:/ /covid19.who.int/ (accessed on 22 January 2022).

2. Zhao, H.; Zhang, Y.; Chen, Y,; Ho, N.R.Y;; Sundah, N.R.; Natalia, A.; Liu, Y.; Miow, Q.H.; Wang, Y.; Tambyah, P.A_; et al.
Accessible detection of SARS-CoV-2 through molecular nanostructures and automated microfluidics. Biosens. Bioelectron. 2021,
194, 113629-113638. [CrossRef]

3. Das, P;Mondal, S; Pal, S.; Roy, S.; Vidyadharan, A.; Dadwal, R.; Bhattacharya, S.; Mishra, D.K.; Chandy, M. COVID diagnostics
by molecular methods: A systematic review of nucleic acid based testing systems. Indian J. Med. Microbiol. 2021, 39, 271-278.
[CrossRef]

4. Udugama, B.; Kadhiresan, P.; Kozlowski, H.N.; Malekjahani, A.; Osborne, M.; Li, V.Y.C.; Chen, H.; Mubareka, S.; Gubbay, ].B.;
Chan, W.C.W. Diagnosing COVID-19: The disease and tools for detection. ACS Nano 2020, 14, 3822-3835. [CrossRef]

5. Esbin, M.N.; Whitney, O.N.; Chong, S.; Maurer, A.; Darzacq, X.; Tjian, R. Overcoming the bottleneck to widespread testing: A
rapid review of nucleic acid testing approaches for COVID-19 detection. RNA 2020, 26, 771-783. [CrossRef]

6. Dong, X; Liu, L.; Tu, Y.; Zhang, ].; Miao, G.; Zhang, L.; Ge, S.; Xia, N.; Yu, D.; Qiu, X. Rapid PCR powered by microfluidics: A
quick review under the background of COVID-19 pandemic. Trends Analyt. Chem. 2021, 143, 116377-116386. [CrossRef]

7. Tarn, M.D.; Pamme, N. Microfluidics. Ref. Modul. Chem. Mol. Sci. Chem. Eng. 2014, 1-7. [CrossRef]

8. Wang, R.; Wang, X. Sensing of inorganic ions in microfluidic devices. Sens. Actuators B Chem. 2021, 329, 129171-129188. [CrossRef]


https://covid19.who.int/
http://doi.org/10.1016/j.bios.2021.113629
http://doi.org/10.1016/j.ijmmb.2021.05.012
http://doi.org/10.1021/acsnano.0c02624
http://doi.org/10.1261/rna.076232.120
http://doi.org/10.1016/j.trac.2021.116377
http://doi.org/10.1016/B978-0-12-409547-2.05351-8
http://doi.org/10.1016/j.snb.2020.129171

Biosensors 2022, 12, 179 17 of 20

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shi, H.; Jiang, S.; Liu, B.; Liu, Z.; Reis, N.M. Modern microfluidic approaches for determination of ions. Microchem. J. 2021, 171,
106845-106857. [CrossRef]

Lin, L.; Yin, Y.; Starostin, S.A.; Xu, H.; Li, C.; Wu, K,; He, C.; Hessel, V. Microfluidic fabrication of fluorescent nanomaterials: A
review. Chem. Eng. ]. 2021, 425, 131511-131525. [CrossRef]

Safdar, M.; Jénis, J.; Sanchez, S. Microfluidic fuel cells for energy generation. Lab Chip 2016, 16, 2754-2758. [CrossRef]

Lei, L.; Wang, N.; Zhang, X.M.; Tai, Q.; Tsai, D.P,; Chan, H.L.W. Optofluidic planar reactors for photocatalytic water treatment
using solar energy. Biomicrofluidics 2010, 4, 043004. [CrossRef]

Weigl, B.; Domingo, G.; LaBarre, P; Gerlach, J. Towards non- and minimally instrumented, microfluidics-based diagnostic devices.
Lab Chip 2008, 8, 1999-2014. [CrossRef]

Saez, ].; Catalan-Carrio, R.; Owens, R.M.; Basabe-Desmonts, L.; Benito-Lopez, F. Microfluidics and materials for smart water
monitoring: A review. Anal. Chim. Acta 2021, 1186, 338392-338405. [CrossRef]

Mejia-Salazar, ].R.; Cruz, K.R.; Vasques, EM.M.; de Oliveira, O.N. Microfluidic point-of-care devices: New trends and future
prospects for eHealth diagnostics. Sensors 2020, 20, 1951. [CrossRef]

Sachdeva, S.; Davis, R.W.; Saha, A.K. Microfluidic point-of-care testing: Commercial landscape and future directions. Front.
Bioeng. Biotechnol. 2021, 8, 1537. [CrossRef]

Lee, W.C; Lien, K.Y; Lee, G.B.; Lei, H.Y. An integrated microfluidic system using magnetic beads for virus detection. Diagn.
Microbiol. Infect. Dis. 2008, 60, 51-58. [CrossRef]

Seok, Y.; Batule, B.S.; Kim, M.G. Lab-on-paper for all-in-one molecular diagnostics (LAMDA) of zika, dengue, and chikungunya
virus from human serum. Biosens. Bioelectron. 2020, 165, 112400-1124228. [CrossRef]

Fraser, L.A.; Kinghorn, A.B.; Dirkzwager, R M.; Liang, S.; Cheung, Y.W.; Lim, B.; Shiu, S.C.C.; Tang, M.S.L.; Andrew, D.; Manitta,
J.; et al. A portable microfluidic Aptamer-Tethered Enzyme Capture (APTEC) biosensor for malaria diagnosis. Biosens. Bioelectron.
2018, 100, 591-596. [CrossRef]

Alves, PA.; de Oliveira, E.G.; Franco-Luiz, A.PM.; Almeida, L.T.; Gongalves, A.B.; Borges, L. A.; de Rocha, F; Rocha, R.P; Bezerra,
M.E; Miranda, P,; et al. Optimization and clinical validation of colorimetric reverse transcription loop-mediated isothermal
amplification, a fast, highly sensitive and specific COVID-19 molecular diagnostic tool that is robust to detect SARS-CoV-2
variants of concern. Front. Microbiol. 2021, 12, 713713. [CrossRef]

Yaniv, K.; Ozer, E.; Shagan, M.; Lakkakula, S.; Plotkin, N.; Bhandarkar, N.S.; Kushmaro, A. Direct RT-qPCR assay for SARS-CoV-2
variants of concern (Alpha, B.1.1.7 and Beta, B.1.351) detection and quantification in wastewater. Environ. Res. 2021, 201,
111653-1116661. [CrossRef]

Mercer, T.R.; Salit, M. Testing at scale during the COVID-19 pandemic. Nat. Rev. Genet. 2021, 22, 415-426. [CrossRef]

Yang, ].; Kidd, M.; Nordquist, A.R.; Smith, S.D.; Hurth, C.; Modlin, LM.; Zenhausern, F. A Sensitive, portable microfluidic device
for SARS-CoV-2 detection from self-collected saliva. Infect. Dis. Rep. 2021, 13, 1061-1077. [CrossRef]

Fassy, J.; Lacoux, C.; Leroy, S.; Noussair, L.; Hubac, S.; Degoutte, A.; Vassaux, G.; Leclercq, V.; Rouquié, D.; Marquette, C.H.; et al.
Versatile and flexible microfluidic qPCR test for high-throughput SARS-CoV-2 and cellular response detection in nasopharyngeal
swab samples. PLoS ONE 2021, 16, e0243333. [CrossRef]

Xie, X.; Gjorgjieva, T.; Attieh, Z.; Dieng, M.M.; Arnoux, M.; Khair, M.; Moussa, Y.; Al Jallaf, F; Rahiman, N.; Jackson, C.A.; et al.
Microfluidic nano-scale JPCR enables ultra-sensitive and quantitative detection of SARS-CoV-2. Process 2020, 8, 1425. [CrossRef]
Cojocaru, R.; Yaseen, I.; Unrau, PJ.; Lowe, C.F; Ritchie, G.; Romney, M.G.; Sin, D.D.; Gill, S.; Slyadnev, M. Microchip RT-PCR
detection of nasopharyngeal SARS-CoV-2 samples. |. Mol. Diagn. 2021, 23, 683-690. [CrossRef]

Ji, M,; Xia, Y.; Loo, . EC,; Li, L.; Ho, H.P; He, ].; Gu, D. Automated multiplex nucleic acid tests for rapid detection of SARS-CoV-2,
influenza A and B infection with direct reverse-transcription quantitative PCR (dirRT-qPCR) assay in a centrifugal microfluidic
platform. RSC Adv. 2020, 10, 34088-34098. [CrossRef]

Kang, B.H.; Lee, Y.; Yu, E.S.; Na, H.; Kang, M.; Huh, H.].; Jeong, K.H. Ultrafast and real-time nanoplasmonic on-chip polymerase
chain reaction for rapid and quantitative molecular diagnostics. ACS Nano 2021, 15, 10194-10202. [CrossRef]

Li, T.; Chung, HK,; Pireku, PK; Beitzel, B.F; Sanborn, M.A.; Tang, C.Y.; Hammer, R.D.; Ritter, D.; Wan, X.F,; Berry, LM.; et al.
Rapid high-throughput whole-genome sequencing of SARS-CoV-2 by using one-step reverse transcription-PCR amplification
with an integrated microfluidic system and next-generation sequencing. J. Clin. Microbiol. 2021, 59, €02784-20. [CrossRef]
Millier, M.].; Stamp, L.K.; Hessian, P.A. Digital-PCR for gene expression: Impact from inherent tissue RNA degradation. Sci. Rep.
2017, 7, 17235. [CrossRef]

Bu, W.; Li, W,; Li, ].; Ao, T,; Li, Z.; Wu, B.; Wu, S.; Kong, W.; Pan, T.; Ding, Y.; et al. A low-cost, programmable, and multi-functional
droplet printing system for low copy number SARS-CoV-2 digital PCR determination. Sens. Actuators B Chem. 2021, 348,
130678-130689. [CrossRef]

Yin, H.; Wu, Z.; Shi, N.; Qi, Y,; Jian, X.; Zhou, L.; Tong, Y.; Cheng, Z.; Zhao, J.; Mao, H. Ultrafast multiplexed detection of
SARS-CoV-2 RNA using a rapid droplet digital PCR system. Biosens. Bioelectron. 2021, 188, 113282-113290. [CrossRef]

Sun, Y,; Huang, Y.; Qi, T; Jin, Q.; Jia, C.; Zhao, J.; Feng, S.; Liang, L. Wet-etched microchamber array digital PCR chip for
SARS-CoV-2 virus and ultra-early stage lung cancer quantitative detection. ACS Omega 2022, 7, 1819-1826. [CrossRef]

De Oliveira, K.G.; Estrela, PEN.; Mendes, G.D.M.; Dos Santos, C.A; Silveira-Lacerda, E.D.P.; Duarte, G.R.M. Rapid molecular
diagnostics of COVID-19 by RT-LAMP in a centrifugal polystyrene-toner based microdevice with end-point visual detection.
Analyst 2021, 146, 1178-1187. [CrossRef]


http://doi.org/10.1016/j.microc.2021.106845
http://doi.org/10.1016/j.cej.2021.131511
http://doi.org/10.1039/C6LC90070D
http://doi.org/10.1063/1.3491471
http://doi.org/10.1039/b811314a
http://doi.org/10.1016/j.aca.2021.338392
http://doi.org/10.3390/s20071951
http://doi.org/10.3389/fbioe.2020.602659
http://doi.org/10.1016/j.diagmicrobio.2007.07.010
http://doi.org/10.1016/j.bios.2020.112400
http://doi.org/10.1016/j.bios.2017.10.001
http://doi.org/10.3389/fmicb.2021.713713
http://doi.org/10.1016/j.envres.2021.111653
http://doi.org/10.1038/s41576-021-00360-w
http://doi.org/10.3390/idr13040097
http://doi.org/10.1371/journal.pone.0243333
http://doi.org/10.3390/pr8111425
http://doi.org/10.1016/j.jmoldx.2021.02.009
http://doi.org/10.1039/D0RA04507A
http://doi.org/10.1021/acsnano.1c02154
http://doi.org/10.1128/JCM.02784-20
http://doi.org/10.1038/s41598-017-17619-0
http://doi.org/10.1016/j.snb.2021.130678
http://doi.org/10.1016/j.bios.2021.113282
http://doi.org/10.1021/acsomega.1c05082
http://doi.org/10.1039/D0AN02066D

Biosensors 2022, 12, 179 18 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

Tian, F; Liu, C.; Deng, J.; Han, Z.; Zhang, L.; Chen, Q.; Sun, J. A fully automated centrifugal microfluidic system for sample-to-
answer viral nucleic acid testing. Sci. China Chem. 2020, 63, 1498-1506. [CrossRef]

Sreejith, K.R.; Umer, M.; Dirr, L.; Bailly, B.; Guillon, P.; von Itzstein, M.; Soda, N.; Kasetsirikul, S.; Shiddiky, M.].A.; Nguyen, N.T.
A portable device for LAMP based detection of SARS-CoV-2. Micromachines 2021, 12, 1151. [CrossRef]

Ganguli, A.; Mostafa, A.; Berger, J.; Aydin, M.Y,; Sun, E; Stewart de Ramirez, S.A.; Valera, E.; Cunningham, B.T.; King, W.P;
Bashir, R. Rapid isothermal amplification and portable detection system for SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2020, 117,
22727-22735. [CrossRef]

Oliveira, B.B.; Veigas, B.; Baptista, P.V. Isothermal amplification of nucleic acids: The race for the next “Gold Standard”. Front.
Sens. 2021, 14, 35. [CrossRef]

Davidson, J.L.; Wang, J.; Maruthamuthu, M.K.; Dextre, A.; Pascual-Garrigos, A.; Mohan, S.; Putikam, S.V.S.; Osman, FO.L;
McChesney, D.; Seville, J.; et al. A paper-based colorimetric molecular test for SARS-CoV-2 in saliva. Biosens. Bioelectron. X 2021,
9, 100076. [CrossRef]

Deng, H.; Jayawardena, A.; Chan, J.; Tan, S.M.; Alan, T.; Kwan, P. An ultra-portable, self-contained point-of-care nucleic acid
amplification test for diagnosis of active COVID-19 infection. Sci. Rep. 2021, 11, 15176. [CrossRef]

Kim, H.S.; Abbas, N.; Shin, S. A rapid diagnosis of SARS-CoV-2 using DNA hydrogel formation on microfluidic pores. Biosens.
Bioelectron. 2021, 177, 113005-113012. [CrossRef]

Liu, D.; Shen, H.; Zhang, Y.; Shen, D.; Zhu, M,; Song, Y.; Zhu, Z.; Yang, C. A microfluidic-integrated lateral flow recombinase
polymerase amplification (MI-IF-RPA) assay for rapid COVID-19 detection. Lab Chip 2021, 21, 2019-2026. [CrossRef] [PubMed]
Huang, Q.; Shan, X,; Cao, R;; Jin, X,; Lin, X,; He, Q.; Zhu, Y.; Fu, R;; Du, W,; Lv, W,; et al. Microfluidic chip with two-stage
isothermal amplification method for highly sensitive parallel detection of SARS-CoV-2 and Measles Virus. Micromachines 2021,
12,1582. [CrossRef] [PubMed]

Ramachandran, A.; Huyke, D.A.; Sharma, E.; Sahoo, M.K.; Huang, C.; Banaei, N.; Pinsky, B.A.; Santiago, J.G. Electric field-driven
microfluidics for rapid CRISPR-based diagnostics and its application to detection of SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2020,
117,29518-29525. [CrossRef] [PubMed]

Li, Z.; Ding, X.; Yin, K.; Avery, L.; Ballesteros, E.; Liu, C. Instrument-free, CRISPR-based diagnostics of SARS-CoV-2 using
self-contained microfluidic system. Biosens. Bioelectron. 2022, 199, 113865-113872. [CrossRef] [PubMed]

Liu, T.Y.; Knott, G.J.; Smock, D.C.J.; Desmarais, J.J.; Son, S.; Bhuiya, A.; Jakhanwal, S.; Prywes, N.; Agrawal, S.; Diaz de Le6n
Derby, M.; et al. Accelerated RNA detection using tandem CRISPR nucleases. Nat. Chem. Biol. 2021, 17, 982-988. [CrossRef]
Hwang, C.; Park, N.; Kim, E.S.; Kim, M.; Kim, S.D.; Park, S.; Kim, N.Y.; Kim, J.H. Ultra-fast and recyclable DNA biosensor for
point-of-care detection of SARS-CoV-2 (COVID-19). Biosens. Bioelectron. 2021, 185, 113177-113182. [CrossRef]

Iwanaga, M. High-sensitivity high-throughput detection of nucleic acid targets on metasurface fluorescence biosensors. Biosensors
2021, 11, 33. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cell
2020, 181, 271-280.e8. [CrossRef]

Ji, T; Liu, Z.; Wang, G.Q.; Guo, X.; Akbar Khan, S.; Lai, C.; Chen, H.; Huang, S; Xia, S.; Chen, B.; et al. Detection of COVID-19: A
review of the current literature and future perspectives. Biosens. Bioelectron. 2020, 166, 112455-112472. [CrossRef]

Masters, P.S. Coronavirus genomic RNA packaging. Virology 2019, 537, 198-207. [CrossRef]

Diao, B.; Wen, K.; Zhang, J.; Chen, J.; Han, C.; Chen, Y.; Wang, S.; Deng, G.; Zhou, H.; Wu, Y. Accuracy of a nucleocapsid protein
antigen rapid test in the diagnosis of SARS-CoV-2 infection. Clin. Microbiol. Infect. 2021, 27, 289.e1-289.e4. [CrossRef] [PubMed]
Xu, J.; Suo, W.; Goulev, Y.; Sun, L.; Kerr, L.; Paulsson, ].; Zhang, Y.; Lao, T. Handheld microfluidic filtration platform enables rapid,
low-cost, and robust self-testing of SARS-CoV-2 virus. Small 2021, 17, 2104009. [CrossRef] [PubMed]

Liu, Y;; Tan, Y;; Fu, Q.; Lin, M,; He, J.; He, S.; Yang, M.; Chen, S.; Zhou, ]J. Reciprocating-flowing on-a-chip enables ultra-fast
immunobinding for multiplexed rapid ELISA detection of SARS-CoV-2 antibody. Biosens. Bioelectron. 2021, 176, 112920-112927.
[CrossRef] [PubMed]

Kyosei, Y.; Yamura, S.; Namba, M.; Yoshimura, T.; Watabe, S.; Ito, E. Antigen tests for COVID-19. Biophys. Physicobiol. 2021, 18,
28-39. [CrossRef] [PubMed]

Kim, S.; Akarapipad, P.; Nguyen, B.T.; Breshears, L.E.; Sosnowski, K.; Baker, J.; Uhrlaub, J.L.; Nikolich-Zugich, J.; Yoon, J.-Y. Direct
capture and smartphone quantification of airborne SARS-CoV-2 on a paper microfluidic chip. Biosens. Bioelectron. 2022, 200,
956-5663. [CrossRef] [PubMed]

Sharma, PK.; Kim, E.S.; Mishra, S.; Ganbold, E.; Seong, R.S.; Kaushik, A K.; Kim, N.Y. Ultrasensitive and reusable graphene
oxide-modified double-interdigitated capacitive (DIDC) sensing chip for detecting SARS-CoV-2. ACS Sensors 2021, 6, 3468-3476.
[CrossRef] [PubMed]

Yousefi, H.; Mahmud, A.; Chang, D.; Das, J.; Gomis, S.; Chen, ].B.; Wang, H.; Been, T.; Yip, L.; Coomes, E.; et al. Detection of
SARS-CoV-2 viral particles using direct, reagent-free electrochemical sensing. J. Am. Chem. Soc. 2021, 143, 1722-1727. [CrossRef]
[PubMed]

Zhang, ].; Fang, X.; Mao, Y.; Qi, H.; Wu, J.; Liu, X,; You, E; Zhao, W.; Chen, Y.; Zheng, L. Real-time, selective, and low-cost
detection of trace level SARS-CoV-2 spike-protein for cold-chain food quarantine. NPJ Sci. Food 2021, 5, 2-7. [CrossRef]


http://doi.org/10.1007/s11426-020-9800-6
http://doi.org/10.3390/mi12101151
http://doi.org/10.1073/pnas.2014739117
http://doi.org/10.3389/fsens.2021.752600
http://doi.org/10.1016/j.biosx.2021.100076
http://doi.org/10.1038/s41598-021-94652-0
http://doi.org/10.1016/j.bios.2021.113005
http://doi.org/10.1039/D0LC01222J
http://www.ncbi.nlm.nih.gov/pubmed/34008614
http://doi.org/10.3390/mi12121582
http://www.ncbi.nlm.nih.gov/pubmed/34945432
http://doi.org/10.1073/pnas.2010254117
http://www.ncbi.nlm.nih.gov/pubmed/33148808
http://doi.org/10.1016/j.bios.2021.113865
http://www.ncbi.nlm.nih.gov/pubmed/34906838
http://doi.org/10.1038/s41589-021-00842-2
http://doi.org/10.1016/j.bios.2021.113177
http://doi.org/10.3390/bios11020033
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1016/j.bios.2020.112455
http://doi.org/10.1016/j.virol.2019.08.031
http://doi.org/10.1016/j.cmi.2020.09.057
http://www.ncbi.nlm.nih.gov/pubmed/33031947
http://doi.org/10.1002/smll.202104009
http://www.ncbi.nlm.nih.gov/pubmed/34845827
http://doi.org/10.1016/j.bios.2020.112920
http://www.ncbi.nlm.nih.gov/pubmed/33418184
http://doi.org/10.2142/biophysico.bppb-v18.004
http://www.ncbi.nlm.nih.gov/pubmed/33954080
http://doi.org/10.1016/j.bios.2021.113912
http://www.ncbi.nlm.nih.gov/pubmed/34973565
http://doi.org/10.1021/acssensors.1c01437
http://www.ncbi.nlm.nih.gov/pubmed/34478270
http://doi.org/10.1021/jacs.0c10810
http://www.ncbi.nlm.nih.gov/pubmed/33481575
http://doi.org/10.1038/s41538-021-00094-3

Biosensors 2022, 12, 179 19 of 20

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Li, J.; Lillehoj, P.B. Microfluidic magneto immunosensor for rapid, high sensitivity measurements of SARS-CoV-2 nucleocapsid
protein in serum. ACS Sens. 2021, 6, 1270-1278. [CrossRef]

Ge, C.; Feng, J.; Zhang, J.; Hu, K;; Wang, D.; Zha, L.; Hu, X,; Li, R. Aptamer/antibody sandwich method for digital detection of
SARS-CoV2 nucleocapsid protein. Talanta 2022, 236, 122847-122854. [CrossRef]

Murugan, D.; Bhatia, H.; Sai, V.V.R.; Satija, J. P-FAB: A fiber-optic biosensor device for rapid detection of COVID-19. Trans. Indian
Natl. Acad. Eng. 2020, 5, 211-215. [CrossRef]

Raziq, A.; Kidakova, A.; Boroznjak, R.; Reut, ] ; Opik, A.; Syritski, V. Development of a portable MIP-based electrochemical sensor
for detection of SARS-CoV-2 antigen. Biosens. Bioelectron. 2021, 178, 113029-113035. [CrossRef] [PubMed]

Sun, M.; Han, M.; Xu, S.; Yan, K,; Nigal, G.; Zhang, T.; Song, B. Paper-based microfluidic chip for rapid detection of SARS-CoV-2
N protein. Bioengineered 2022, 13, 876-883. [CrossRef] [PubMed]

Mabhari, S.; Roberts, A.; Shahdeo, D.; Gandhi, S. Ecovsens-ultrasensitive novel in-house built printed circuit board based
electrochemical device for rapid detection of nCovid-19 antigen, a spike protein domain 1 of SARS-CoV-2. bioRxiv 2020, 1-20.
[CrossRef]

Seo, G.; Lee, G.; Kim, M.].; Baek, S.H.; Choi, M.; Ku, K.B.; Lee, C.S; Jun, S.; Park, D.; Kim, H.G.; et al. Rapid detection of COVID-19
causative virus (SARS-CoV-2) in human nasopharyngeal swab specimens using field-effect transistor-based biosensor. ACS Nano
2020, 14, 5135-5142. [CrossRef] [PubMed]

Lin, Q.; Wen, D.; Wu, J.; Liu, L.; Wu, W.; Fang, X.; Kong, J. Microfluidic immunoassays for sensitive and simultaneous detection of
IgG/IgM/ Antigen of SARS-CoV-2 within 15 min. Anal. Chem. 2020, 92, 9454-9458. [CrossRef] [PubMed]

Stambaugh, A.; Parks, ].W.; Stott, M.A.; Meena, G.G.; Hawkins, A.R.; Schmidt, H. Optofluidic multiplex detection of single
SARS-CoV-2 and influenza A antigens using a novel bright fluorescent probe assay. Proc. Natl. Acad. Sci. USA 2021, 118, 2-7.
[CrossRef]

Huang, J.; Wen, J.; Zhou, M,; Nj, S.; Le, W,; Chen, G.; Wei, L.; Zeng, Y.; Qi, D.; Pan, M,; et al. On-site detection of SARS-CoV-2
antigen by deep learning-based surface-enhanced raman spectroscopy and its biochemical foundations. Anal. Chem. 2021, 93,
9174-9182. [CrossRef]

Cui, T-R; Qiao, Y.-C,; Gao, J.-W.; Wang, C.-H.; Zhang, Y.; Han, L.; Yang, Y,; Ren, T.-L.; Wang, ]J.-W.; Zhang, C.-H.; et al.
Ultrasensitive detection of COVID-19 causative virus (SARS-CoV-2) spike protein using laser induced graphene field-effect
transistor. Molecules 2021, 26, 6947. [CrossRef]

Ou, J.; Tan, M.; He, H.; Tan, H.; Mai, ].; Long, Y.; Jiang, X.; He, Q.; Huang, Y.; Li, Y.; et al. SARS-CoV-2 Antibodies and associated
factors at different hospitalization time points in 192 COVID-19 cases. J. Appl. Lab. Med. 2021, 6, 1133-1142. [CrossRef]
Schneider, M.M.; Emmenegger, M.; Xu, C.K.; Condado Morales, I.; Meisl, G.; Turelli, P.; Zografou, C.; Zimmermann, M.R,; Frey,
B.M.,; Fiedler, S.; et al. Microfluidic characterisation reveals broad range of SARS-CoV-2 antibody affinity in human plasma. Life
Sci. Alliance 2022, 5, 1-12. [CrossRef] [PubMed]

Qu, J.; Wu, C,; Li, X,; Zhang, G,; Jiang, Z.; Li, X,; Zhu, Q.; Liu, L. Profile of IgG and IgM antibodies against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. An Off. Publ. Infect. Dis. Soc. Am. 2020, 71, 2255-2258. [CrossRef]
[PubMed]

Shaffaf, T.; Ghafar-Zadeh, E. COVID-19 diagnostic strategies. Part i: Nucleic acid-based technologies. Bioengineering 2021, 8, 49.
[CrossRef] [PubMed]

Tahmasebi, S.; Khosh, E.; Esmaeilzadeh, A. The outlook for diagnostic purposes of the 2019-novel coronavirus disease. . Cell.
Physiol. 2020, 235, 9211-9229. [CrossRef] [PubMed]

Fang, X.; Mei, Q.; Yang, T.; Li, L.; Wang, Y.; Tong, F.; Geng, S.; Pan, A. Low-dose corticosteroid therapy does not delay viral
clearance in patients with COVID-19. J. Infect. 2020, 81, 147-178. [CrossRef] [PubMed]

Morales-Narvaez, E.; Dincer, C. The impact of biosensing in a pandemic outbreak: COVID-19. Biosens. Bioelectron. 2020, 163,
112274-112279. [CrossRef]

Poghossian, A.; Jablonski, M.; Molinnus, D.; Wege, C.; Schoning, M.]. Field-effect sensors for virus detection: From Ebola to
SARS-CoV-2 and plant viral enhancers. Front. Plant Sci. 2020, 11, 1792. [CrossRef]

Funari, R.; Chu, K\Y.; Shen, A.Q. Detection of antibodies against SARS-CoV-2 spike protein by gold nanospikes in an opto-
microfluidic chip. Biosens. Bioelectron. 2020, 169, 112578-112584. [CrossRef]

Gonzalez-Gonzalez, E.; Garcia-Ramirez, R.; Diaz-Armas, G.G.; Esparza, M.; Aguilar-Avelar, C.; Flores-Contreras, E.A.; Rodriguez-
Sanchez, I.P.,; Delgado-Balderas, ].R.; Soto-Garcia, B.; Araiz-Herndndez, D.; et al. Automated ELISA on-chip for the detection of
anti-SARS-CoV-2 antibodies. Sensors 2021, 21, 6785. [CrossRef]

Tripathi, S.; Agrawal, A. Blood plasma microfluidic device: Aiming for the detection of COVID-19 antibodies using an on-chip
ELISA platform. Trans. Indian Natl. Acad. Eng. 2020, 5, 217-220. [CrossRef]

Heggestad, ].T.; Kinnamon, D.S.; Olson, L.B.; Liu, J.; Kelly, G.; Wall, S.A.; Oshabaheebwa, S.; Quinn, Z.; Fontes, C.M.; Joh, D.Y,;
et al. Multiplexed, quantitative serological profiling of COVID-19 from blood by a point-of-care test. Sci. Adv. 2021, 7, eabg4901.
[CrossRef] [PubMed]

Cognetti, ].S.; Steiner, D.J.; Abedin, M.; Bryan, M.R; Shanahan, C.; Tokranova, N.; Young, E.; Klose, A.M.; Zavriyev, A.; Judy, N.;
et al. Disposable photonics for cost-effective clinical bioassays: Application to COVID-19 antibody testing. Lab Chip 2021, 21,
2913-2921. [CrossRef]


http://doi.org/10.1021/acssensors.0c02561
http://doi.org/10.1016/j.talanta.2021.122847
http://doi.org/10.1007/s41403-020-00122-w
http://doi.org/10.1016/j.bios.2021.113029
http://www.ncbi.nlm.nih.gov/pubmed/33515985
http://doi.org/10.1080/21655979.2021.2014385
http://www.ncbi.nlm.nih.gov/pubmed/34968171
http://doi.org/10.1101/2020.04.24.059204
http://doi.org/10.1021/acsnano.0c02823
http://www.ncbi.nlm.nih.gov/pubmed/32293168
http://doi.org/10.1021/acs.analchem.0c01635
http://www.ncbi.nlm.nih.gov/pubmed/32615038
http://doi.org/10.1073/pnas.2103480118
http://doi.org/10.1021/acs.analchem.1c01061
http://doi.org/10.3390/molecules26226947
http://doi.org/10.1093/jalm/jfab003
http://doi.org/10.26508/lsa.202101270
http://www.ncbi.nlm.nih.gov/pubmed/34848436
http://doi.org/10.1093/cid/ciaa489
http://www.ncbi.nlm.nih.gov/pubmed/32337590
http://doi.org/10.3390/bioengineering8040049
http://www.ncbi.nlm.nih.gov/pubmed/33920513
http://doi.org/10.1002/jcp.29804
http://www.ncbi.nlm.nih.gov/pubmed/32452050
http://doi.org/10.1016/j.jinf.2020.03.039
http://www.ncbi.nlm.nih.gov/pubmed/32283153
http://doi.org/10.1016/j.bios.2020.112274
http://doi.org/10.3389/fpls.2020.598103
http://doi.org/10.1016/j.bios.2020.112578
http://doi.org/10.3390/s21206785
http://doi.org/10.1007/s41403-020-00123-9
http://doi.org/10.1126/sciadv.abg4901
http://www.ncbi.nlm.nih.gov/pubmed/34172447
http://doi.org/10.1039/D1LC00369K

Biosensors 2022, 12, 179 20 of 20

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

Li, X;; Qin, Z,; Fu, H.; Li, T;; Peng, R.; Li, Z.; Rini, ].M.; Liu, X. Enhancing the performance of paper-based electrochemical
impedance spectroscopy nanobiosensors: An experimental approach. Biosens. Bioelectron. 2021, 177, 112672-112679. [CrossRef]
[PubMed]

Murillo, A.M.M.; Tomé-Amat, J.; Ramirez, Y.; Garrido-Arandia, M.; Valle, L.G.; Hernandez-Ramirez, G.; Tramarin, L.; Herreros, P.;
Santamaria, B.; Diaz-Perales, A.; et al. Developing an optical interferometric detection method based biosensor for detecting
specific SARS-CoV-2 immunoglobulins in Serum and Saliva, and their corresponding ELISA correlation. Sens. Actuators B Chem.
2021, 345, 130394-130403. [CrossRef] [PubMed]

Lee, W.; Kim, H.; Bae, PK.; Lee, S.; Yang, S.; Kim, ]J. A single snapshot multiplex immunoassay platform utilizing dense test lines
based on engineered beads. Biosens. Bioelectron. 2021, 190, 113388-113398. [CrossRef]

Rodriguez-Moncayo, R.; Cedillo-Alcantar, D.F.; Guevara-Pantoja, PE.; Chavez-Pineda, O.G.; Hernandez-Ortiz, ].A.; Amador-
Hernandez, ].U.; Rojas-Velasco, G.; Sanchez-Mufioz, F.; Manzur-Sandoval, D.; Patino-Lopez, L.D.; et al. A high-throughput
multiplexed microfluidic device for COVID-19 serology assays. Lab Chip 2021, 21, 93-104. [CrossRef] [PubMed]

Tan, X.; Krel, M.; Dolgov, E.; Park, S.; Li, X.; Wu, W.; Sun, Y.L.; Zhang, J.; Khaing Oo, M.K,; Perlin, D.S.; et al. Rapid and quantitative
detection of SARS-CoV-2 specific IgG for convalescent serum evaluation. Biosens. Bioelectron. 2020, 169, 112572-112580. [CrossRef]
Djaileb, A.; Jodaylami, M.H.; Coutu, J.; Ricard, P.; Lamarre, M.; Rochet, L.; Cellier-Goetghebeur, S.; Macaulay, D.; Charron, B.;
Lavallée, E.; et al. Cross-validation of ELISA and a portable surface plasmon resonance instrument for IgG antibody serology
with SARS-CoV-2 positive individuals. Cite Anal. 2021, 146, 4905-4917. [CrossRef]

Xu, W,; Liu, J.; Song, D.; Li, C.; Zhu, A.; Long, F. Rapid, label-free, and sensitive point-of-care testing of anti-SARS-CoV-2 IgM/IgG
using all-fiber Fresnel reflection microfluidic biosensor. Microchim. Acta 2021, 188, 161-271. [CrossRef]

Mou, L; Jiang, X.; Mou, L.; Jiang, X. Materials for microfluidic immunoassays: A Review. Adv. Healthc. Mater. 2017, 6,
1601403-1601412. [CrossRef]

Detection of Variant SARS-CoV-2 Strains on the ePlex® Respiratory Panel 2. Available online: https:/ /www.genmarkdx.com/
detection-of-variant-sars-cov-2-strains-on-eplex-rp2-panel/ (accessed on 11 February 2022).

BioFire COVID-19 Testing Solutions | BioFire Diagnostics. Available online: https://www.biofiredx.com/covid-19/ (accessed on
11 February 2022).

QIAstat-Dx SARS-CoV-2. Available online: https:/ /www.qiagen.com/ca/products/diagnostics-and-clinical-research /infectious-
disease/qiastat-dx-syndromic-testing /qiastat-dx-ca/ (accessed on 11 February 2022).

Lucira COVID-19 All-In-One Test Kit + PDF Report (Good For Travel)—Plus PDF Results (Good for Travel). Available online:
https:/ /www.meenta.io/product/lucira-covid-19-all-in-one-test/ (accessed on 11 February 2022).

Respiratory Virus Nucleic Acid Detection Kit (Isothermal Amplification Chip Meth—FIND. Available online: https:/ /www.finddx.
org/product/respiratory-virus-nucleic-acid-detection-kit-isothermal-amplification-chip-meth/ (accessed on 11 February 2022).
Cepheid | Cepheid | Xpert® Xpress SARS-CoV-2—FDA Emergency Use Authorization. Available online: https:/ /www.cepheid.
com/en/coronavirus (accessed on 11 February 2022).

Microchip RT-PCR COVID-19 (SARS-CoV-2) Detection Test System by rt PCR. Available online: https://www.lumexinstruments.
com/applications/covid-19_detection_system.php (accessed on 11 February 2022).

Qorvo Biotechnologies Omnia SARS-CoV-2 Antigen Test Detects Delta and Other Circulating Variants in Two Studies—Qorvo.
Available online: https://www.qorvo.com/newsroom/news/2021/qorvo-biotechnologies-omnia-sars-cov-2-antigen-test-
detects-delta-and-other-circulating-variants (accessed on 11 February 2022).

The LumiraDx SARS-CoV-2 Ag Test Is a Rapid Microfluidic Inmunoassay Detecting SARS-CoV-2 Antigen. Available online:
https:/ /www.lumiradx.com/uk-en/test-menu/antigen-test (accessed on 10 February 2022).

SAMPINUTE™. Available online: https:/ /www.celltrion.com/en-us/kit/sampinute (accessed on 10 February 2022).
Niculescu, A.G.; Chircov, C.; Birca, A.C.; Grumezescu, A.M. Fabrication and Applications of Microfluidic Devices: A Review. Int.
J. Mol. Sci. 2021, 22, 2011. [CrossRef] [PubMed]

Jia, Y,; Sun, H.; Tian, J.; Song, Q.; Zhang, W. Paper-Based Point-of-Care Testing of SARS-CoV-2. Front. Bioeng. Biotechnol. 2021,
9, 773304. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bios.2020.112672
http://www.ncbi.nlm.nih.gov/pubmed/33461849
http://doi.org/10.1016/j.snb.2021.130394
http://www.ncbi.nlm.nih.gov/pubmed/34248283
http://doi.org/10.1016/j.bios.2021.113388
http://doi.org/10.1039/D0LC01068E
http://www.ncbi.nlm.nih.gov/pubmed/33319882
http://doi.org/10.1016/j.bios.2020.112572
http://doi.org/10.1039/D1AN00893E
http://doi.org/10.1007/s00604-021-04911-0
http://doi.org/10.1002/adhm.201601403
https://www.genmarkdx.com/detection-of-variant-sars-cov-2-strains-on-eplex-rp2-panel/
https://www.genmarkdx.com/detection-of-variant-sars-cov-2-strains-on-eplex-rp2-panel/
https://www.biofiredx.com/covid-19/
https://www.qiagen.com/ca/products/diagnostics-and-clinical-research/infectious-disease/qiastat-dx-syndromic-testing/qiastat-dx-ca/
https://www.qiagen.com/ca/products/diagnostics-and-clinical-research/infectious-disease/qiastat-dx-syndromic-testing/qiastat-dx-ca/
https://www.meenta.io/product/lucira-covid-19-all-in-one-test/
https://www.finddx.org/product/respiratory-virus-nucleic-acid-detection-kit-isothermal-amplification-chip-meth/
https://www.finddx.org/product/respiratory-virus-nucleic-acid-detection-kit-isothermal-amplification-chip-meth/
https://www.cepheid.com/en/coronavirus
https://www.cepheid.com/en/coronavirus
https://www.lumexinstruments.com/applications/covid-19_detection_system.php
https://www.lumexinstruments.com/applications/covid-19_detection_system.php
https://www.qorvo.com/newsroom/news/2021/qorvo-biotechnologies-omnia-sars-cov-2-antigen-test-detects-delta-and-other-circulating-variants
https://www.qorvo.com/newsroom/news/2021/qorvo-biotechnologies-omnia-sars-cov-2-antigen-test-detects-delta-and-other-circulating-variants
https://www.lumiradx.com/uk-en/test-menu/antigen-test
https://www.celltrion.com/en-us/kit/sampinute
http://doi.org/10.3390/ijms22042011
http://www.ncbi.nlm.nih.gov/pubmed/33670545
http://doi.org/10.3389/fbioe.2021.773304
http://www.ncbi.nlm.nih.gov/pubmed/34912791

	Introduction 
	Microfluidics Applied to COVID-19 
	Nucleic Acid Detection 
	Based on PCR 
	Based on Isothermal Amplification 
	Based on CRISPR 
	Other Microfluidic Developments 

	Antigen Detection 
	Anti-SARS-CoV-2 Antibody Detection 
	Commercially Available Microfluidic Tests for SARS-CoV-2 
	Limitations and Perspectives 
	Conclusions 
	References

