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Abstract

Coronavirus disease 2019 (COVID-19) pandemic is currently a serious global health threat. While conventional laboratory tests
such as quantitative real-time polymerase chain reaction (qQPCR), serology tests, and chest computerized tomography (CT) scan
allow diagnosis of COVID-19, these tests are time-consuming and laborious, and are limited in resource-limited settings or
developing countries. Point-of-care (POC) biosensors such as chip-based and paper-based biosensors are typically rapid, porta-
ble, cost-effective, and user-friendly, which can be used for COVID-19 in remote settings. The escalating demand for rapid
diagnosis of COVID-19 presents a strong need for a timely and comprehensive review on the POC biosensors for COVID-19 that
meet ASSURED criteria: Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and Deliverable to
end users. In the present review, we discuss the importance of rapid and early diagnosis of COVID-19 and pathogenesis of
COVID-19 along with the key diagnostic biomarkers. We critically review the most recent advances in POC biosensors which
show great promise for the detection of COVID-19 based on three main categories: chip-based biosensors, paper-based
biosensors, and other biosensors. We subsequently discuss the key benefits of these biosensors and their use for
the detection of antigen, antibody, and viral nucleic acids. The commercial POC biosensors for COVID-19 are
critically compared. Finally, we discuss the key challenges and future perspectives of developing emerging POC
biosensors for COVID-19. This review would be very useful for guiding strategies for developing and commercial-
izing rapid POC tests to manage the spread of infections.

Keywords COVID-19 - Point-of-care biosensors - Chip-based biosensors - Paper-based biosensors - Diagnostic biomarkers -
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Introduction

Coronavirus disease 2019 (COVID-19) has currently become
a global health threat [1, 2]. The number of COVID-19 cases
continues to rise drastically across the globe, affecting more
than 200 countries and territories, with over 50 million
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confirmed cases and 1,000,000 deaths as of November 1,
2020 [1]. Generally, this illness is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), which
is primarily spread from person to person [3, 4]. While some
patients remain asymptomatic or have mild illnesses such as
fever and cough, others develop severe syndromes, such as
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pneumonia and acute respiratory distress syndrome, which
may cause death [S]. As there are currently no specific vac-
cines or treatments for COVID-19, early and rapid diagnosis
is crucial for preventing severe complications [6]. Prompt di-
agnosis is also critical for contact tracing and implementation
of measures against further spread of COVID-19 [7, 8].

Various laboratory diagnostic tests have been broadly
used in the current pandemic such as quantitative real-time
polymerase chain reaction (QPCR), serology test, and chest
computed tomography (CT) scan [9] (Table 1). To date,
gPCR has been routinely used to detect virus-specific
genes. While the test provides high sensitivity and specific-
ity, it is labor-intensive and time-consuming as it can take
up to 2 days to complete [18]. The serology test measures
the host response against COVID-19 infection through de-
tecting antibodies generated by the host immune system.
However, it can take up to 2 to 3 weeks to develop a detect-
able level of antibodies and the target antibodies may also
be detected in patients recovered from COVID-19 [19]. In
fact, although serology test is much simpler and faster than
gPCR, it appears to be more useful in confirming past viral
exposure or assessing the true extent of the outbreak. Chest
CT scan has also been used to diagnose symptomatic pa-
tients with suspected COVID-19 infection, especially those
with respiratory failure or acute respiratory distress syn-
drome. However, the chest CT often appears normal in pa-
tients with mild or early infection [20]. Additionally, the
radiological findings on chest CT can mimic other viral
pneumonia, limiting its use in reliably ruling out COVID-
19 infections. While these conventional laboratory tests
have been used to some extent for COVID-19, they are
tedious, highly dependent on skilled personnel, and un-
available in resource-limited settings where COVID-19 out-
break may occur.

Significant efforts have been devoted to the development
of point-of-care (POC) biosensors, such as chip-based and
paper-based biosensors to substitute the conventional assays
for the diagnosis of infectious diseases at the POC [21-23].
Due to the high demand for rapid testing to control the current
pandemic, POC biosensors which are of low cost and easy to
use and have sample-in-answer-out capability are highly de-
sirable [24, 25]. These biosensors are based either on the de-
tection of nucleic acids or proteins from the respiratory sam-
ples (e.g., throat swab, sputum) or blood samples. They facil-
itate testing outside of laboratory settings or in developing
countries where highly trained personnel and high-end infra-
structures may not be available [21, 26]. While these tests are
desirable to combat the pandemic, multiple challenges are yet
to be addressed to bring the technologies to clinical settings.
The ideal POC biosensor should meet the ASSURED criteria,
Affordable, Sensitive, Specific, User-friendly, Rapid and
Robust, Equipment-free, and Deliverable to end users, and
allow prompt decision-making to mitigate the transmission
of COVID-19 [27-29].

This comprehensive review article focuses on the most recent
advances in POC diagnostic devices for potential diagnosis of
COVID-19 that meet ASSURED criteria, which is distinct from
previous review papers where nanomaterial-based biosensors
[30-33] and non-POC diagnostic techniques [34—44] were sum-
marized. In addition, the commercial POC biosensors have not
been critically reviewed [45—48]. In this review, the development
of POC biosensors for the detection of proteins and viral nucleic
acids for COVID-19 is comprehensively reviewed based on
three main categories: chip-based biosensors, paper-based bio-
sensors, and other biosensors, providing a comprehensive survey
with regard to their usability and performance. We first discuss
the significance of an early and prompt diagnosis of COVID-19
and pathogenesis of COVID-19 along with the key diagnostic

Table 1 Diagnostic tests for COVID-19
Diagnostic test Method Diagnostic biomarker Equipment required ~ Assay Clinical Clinical Expertise ~ References
time sensitivity  specificity required
(%) (%)
CT scan Chest imaging - CT scanner 1h 97 25 Yes [10]
Nucleic acid detection qPCR RdRP gene qPCR machine 4h 71 - Yes [11]
LAMP ORFlab gene PCR thermocycler  20-30 min  97.6 NA Yes [12]
Antigen and ELISA Total Ab Fluorescent plate ~2h 94.8 100 Yes [13]
antibody detection reader machine
ELISA IgG and IgM Fluorescent plater ~2h 83.7 100 Yes [14]
eader machine
LFA IgG and IgM - <15 min 88.6 90.6 No [15]
LFA IgM - <15 min 78.6 NA No [16]
LFA IgG - <15min  96.8 NA No [17]

Abbreviations: CT: chest computerized tomography, Ab: antibody, ELISA: enzyme-linked immunosorbent assay, LFA: lateral flow assay. LAMP: loop-

mediated isothermal amplification
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biomarkers. Subsequently, we critically review the most recent
advances in POC biosensors such as chip-based, paper-based,
and other biosensors (e.g., textile-based and nanomaterial-based
biosensors), which show tremendous potential for the detection
of COVID-19. We highlight the benefits of each biosensor along
with their use for the detection of main target analytes such as
antigen, antibody, and nucleic acids. We subsequently review the
commercial POC biosensors for COVID-19. Finally, the key
challenges and future directions of biosensing research for
COVID-19 are briefly discussed. This review would be very
helpful in raising awareness about the importance of early and
rapid diagnosis of COVID-19 and providing guidelines for de-
veloping ideal POC biosensors to manage the current outbreak.

The importance of early and rapid diagnosis
of COVID-19

Generally, early and prompt diagnosis is critical to reduce the
risk of developing serious complications. Severe COVID-19
infections are usually associated with risk factors such as age
and immune status which could be life-threatening. For in-
stance, elderly and immunocompromised patients are more
likely to develop severe health issues. Specifically, peo-
ple at the high risk of severe illness from COVID-19
include those who are taking immunosuppressant medi-
cine or are undergoing cancer therapy. Meanwhile, peo-
ple at the moderate risk of complications include the
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exposure detection

Fig. 1 Major diagnostic markers
for COVID-19. Following the
infection, the number of SARS-
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elderly (age >65) or those who have underlying health
diseases such as asthma, diabetes, and kidney disease.
Therefore, timely medical treatment is crucial to reduce
the rate of disease progression and to prevent death [1].

Direct human-to-human transmission is the primary route
of SARS-CoV-2 transmission and symptomatic people are the
most frequent source of COVID-19 spread. Similar to other
respiratory pathogens, the virus transmission generally occurs
through respiratory droplets from coughing and sneezing.
Aerosol transmission is also possible especially when one is
exposed to large amounts of viruses in enclosed public spaces.
Asymptomatic individuals may contribute to about 80% of the
transmission [49]. The spread is primarily caused by family
members, friends, co-workers, or close contacts. Contracting
the virus present on the surfaces or objects may be another
source of infection. However, the frequency of this type of
transmission remains unclear [50]. The incubation period is
generally within 3 to 7 days and symptoms may develop with-
in 2 weeks following exposure to the virus [51]. Identification
of diagnostic biomarkers enables accurate detection of SARS-
CoV-2 infection as they can be used to determine the progress
of infection. There are two main stages of infection: (i) the first
or early stage of infection which happens when the patient is
infected and (ii) the second stage of infection when the pro-
duction of antibodies begins (Fig. 1) [52].

After exposure to the virus, the virus enters the lungs
through the respiratory tract and attacks alveolar epithelial
type 2 (AT2) cells [53]. At the early stage of infection, the
viral RNA and the antigen produced can be readily detected.
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The rapid viral replication triggers a series of inflammatory
reactions (e.g., fever, cough, and shortness of breath).
Although most cases are mild, around 20% of cases become
severe or critical with acute respiratory distress syndrome,
multi-organ dysfunction syndrome, or sepsis, which are more
likely to be life-threatening. The aggressive inflammatory re-
sponse is usually accompanied with the exaggerated cytokine
release or cytokine storm. An elevated amount of pro-
inflammatory cytokines, such as interleukin-1 (IL-1), IL-6,
and tumor necrosis factor-alpha (TNF-«), could be found in
severe and critical COVID-19 patients. Immunological abnor-
malities in COVID-19 patients include lymphopenia (reduc-
tion in numbers of CD4" T cells, CD8* T cells, natural killer
(NK) cells, and B cells) and neutrophilia (increase in numbers
of neutrophils) [54].

An increase in antigen level triggers the activation of T
cells which stimulates the B cells to produce antibodies. The
antibody responses against SARS-CoV-2 are mainly com-
prised of IgM and IgG. Between day 7 and day 14 after the
onset of symptoms, the antibody levels persist. In fact, while
these antibodies are valuable serological markers of infection
[55], their role in controlling viral replication has not been
well defined [56]. The nature of immune cell long-term mem-
ory responses to the virus also remains unknown. As COVID-
19 shows a large range of clinical manifestations (from mild
symptoms to life-threatening conditions), rapid tests are essen-
tial especially during the early stages of infection to identify
positive cases.

Current laboratory tests such as qPCR, chest CT, and se-
rology tests are commonly performed to detect the broad spec-
trum of COVID-19 clinical presentations. gPCR is known as a
gold standard for SARS-CoV-2 detection, and has been rec-
ommended by WHO, which has high sensitivity and specific-
ity [57]. During the febrile/viremic phase (i.e., the first 3—5
days following the onset of symptoms), the sample is usually
collected from the lower respiratory tract for RNA isolation
[58]. However, this test is expensive and time-consuming (i.¢.,
almost a week) and requires highly skilled laboratory person-
nel [35]. To shorten assay time, reverse transcription loop-
mediated isothermal amplification (RT-LAMP) has been used
for COVID-19 detection [59]. This test is performed in an
isothermal condition, and the results are obtained within 15—
40 min, by targeting the genes of SARS-CoV-2 [60, 61]. The
RT-LAMP result can be evaluated using real-time electropho-
resis, turbidimeter, or fluorescent, which is faster, cheaper,
and more convenient than qPCR [58]. Serology tests such as
IgG or IgM-based enzyme-linked immunosorbent assay
(ELISA) kits are the cheapest and simplest tests, which have
been broadly used for the diagnosis of COVID-19. However,
patients with past infection are tested positive as [gM remains
in the body for weeks or months. In addition, a false-positive
result usually appears in patients with other infections (e.g.,
influenza) due to the possibility of cross-reactivity.
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On the other hand, CT scan appears to be useful in detect-
ing patients with COVID-19 pneumonia [62]. The chest CT
scan combines images from various angles of the chest and
produces cross-sectional lung images through image process-
ing to diagnose pneumonia. However, the screening usually
requires complex benchtop medical instruments, which are
only available in healthcare facilities or hospitals [63]. In ad-
dition, CT scan might be less accurate to diagnose COVID-19
as the result appears normal in asymptomatic and mildly
symptomatic patients without pneumonia [38]. Taken togeth-
er, while conventional laboratory tests could successfully di-
agnose COVID-19 infections, they are unable to fulfill the
criteria for a POC test (e.g., rapidity, portability, and afford-
ability) at resource-limited settings or developing countries.
Therefore, there is an urgent need to develop low-cost and
simple biosensors for COVID-19 at the POC.

Recent advances in POC technologies
for COVID-19

Fundamental of POC biosensors

Biosensors are analytical devices used for the detection of a
biological substance. In general, biosensors consist of three
components: a receptor (specific for a disease) that recognizes
the analyte, a transducer that converts the bio-recognition
event into a measurable signal, and a reader [64]. This tech-
nology allows precise control and manipulation of fluids,
which typically requires much less sample volume than that
of conventional assays [24]. The efficient liquid mixing in
biosensors also enhances the interaction between assay re-
agents and target biomarkers, which shortens the assay dura-
tion and provides fast readout [65, 66]. Moreover, the porta-
bility of biosensors makes them ideal candidates for POC field
settings. To date, researchers around the globe have developed
various types of biosensors for wide applications in POC set-
tings such as the diagnosis of infectious diseases, food safety
analysis, and environmental monitoring [67—69]. These bio-
sensors include chip-based, paper-based, and other biosensors
(textile-based or nanomaterial-based biosensors), which will
be briefly discussed in the following sections.

For POC testing of chronic and infectious diseases, there is
always an increasing demand for low-cost, portable, and inte-
grated biosensors, which can provide rapid results with low
sample consumption. Chip-based biosensors are one of the
POC biosensors used for POC diagnosis of many infectious
diseases. They are prepared either by miniaturizing conven-
tional biochemical assays on a microchip scale [70, 71] or by
integrating novel detection principles with microfluidic chips
[72, 73]. These biosensors are mainly made of polymethyl
methacrylate (PMMA), polytetrafluoroethylene (PTEE), or
polydimethylsiloxane (PDMS) [74, 75]. PDMS biosensors
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are commonly used due to their cost-effectiveness, high spec-
ificity, and minimal reagent consumption [76]. Specifically,
they consist of multiple channels which enable nucleic acid
testing steps, including nucleic acid extraction, amplification,
and amplicon detection, to be performed in an automated
manner [24]. In recent years, smartphone has also been inte-
grated into chip-based biosensors for imaging and signal
analysis. For instance, chip-based biosensors coupled
with a smartphone have been used to rapidly detect
amplicon signals within an hour for the diagnosis of
HINI1 [77] and Zika virus infections [78].

Paper-based biosensors have been broadly used for rapid
testing of infectious diseases, which show potential to substi-
tute the conventional laboratory tests and chip-based biosen-
sors [79, 80]. Paper is inexpensive, readily available, and bio-
degradable, showing a promising tool for onsite rapid diagno-
sis [21]. It allows the diffusion of a biological sample through
a capillary effect, eliminating the need for external power
sources. Earlier studies have introduced lateral flow test strips
and microfluidic paper-based analytical devices (LWPAD) for
POC testing [22, 23]. The assay usually involves hybridiza-
tion of single-stranded DNA or RNA with a complementary
probe to produce double-stranded nucleic acids or interaction
between antigen and antibody to produce an Ag-Ab complex,
generating signals such as colorimetric, fluorescence, or
chemiluminescence signals [81]. Their special characteristics
such as simple, affordable, and ease of fabrication, modifica-
tion, and functionalization have made them possible to
achieve rapid, onsite POC testing.

Other biosensors like film-based, textile-based, and
nanomaterial-based biosensors have also been used for the
diagnosis of infectious diseases. For instance, film-based bio-
sensors which are made of transparent polyester substrate film
have been used for the detection of pathogens. This material
has the ability to withstand thermal cycling and amplification
process [82, 83]. Textile-based biosensors are biosensors
which are typically made of thread, fabric, or clothes which
are inexpensive and readily available with low sample con-
sumption. For example, textile-based biosensors are cheaper
and require a smaller sample volume (<$1 USD/assay, ~20
pL sample) compared to lateral flow test strip ($3 USD/assay,
~50 puL sample) [84]. In addition, nanomaterial-based biosen-
sors which are made of nanomaterials such as graphene or
graphene oxide have been reported to have higher sensitivity
compared to other biosensors [85, 86]. These emerging bio-
sensors offer tremendous potential to substitute chip-based
and paper-based biosensors for rapid testing at the POC.

POC biosensors for the detection of antigens and
antibodies for COVID-19

As mentioned earlier, one of the most common tests for
COVID-19 is the serology test (i.e., ELISA), which

specifically detects IgG/IgM, viral antigens, or cytokines
[87, 88]. Nevertheless, this test suffers from tedious assay
protocols and fails to provide rapid feedback to healthcare
professionals. Furthermore, a benchtop microplate reader/
scanner is often required for quantitative readouts. In fact, in
response to the current pandemic, periodic testing of patient
samples is required for efficient disease diagnosis and man-
agement [89]. Therefore, there is a high demand for rapid,
cost-effective, and easy-to-use detection approaches to pro-
duce a timely result for responsive COVID-19 monitoring.
All of these demands call for the development of POC bio-
sensors for fast and accurate detection of COVID-19 specific
biomarkers at the POC.

Chip-based POC biosensors for the detection of antigens
and antibodies

To date, conventional fluorescence and colorimetric assays
have successfully transformed from multi-well plates into
chip-based biosensors, which allows rapid and accurate
COVID-19 diagnosis. For instance, Joh et al. [83] have devel-
oped an on-chip fluorescence-based ELISA in a more com-
pact footprint that can be operated without any fluidic setup
(Fig. 2a). The vacuum-sealed chips can be stored for up to 92
days under ambient environment or 5 days at 45 °C without
losing noticeable performance. Facing the present COVID-19
crisis, this format of the biosensor (on-chip ELISA test) has
seen immediate translation for rapid and portable serological
detection of COVID-19 [91, 93]. Liu et al. [85] incorporated
the centrifugal microfluidics technique with a fluorescent im-
munoassay for detecting IgG, IgM, and viral antigen of
SARS-CoV-2. Each analyte is selectively detected on an in-
dividual microfluidic chip, while they are simultaneously an-
alyzed in a portable device that combines liquid handling and
signal readout for POC diagnosis (Fig. 2b). The built-in opti-
cal unit illuminates the detection zone with a laser of desired
excitation wavelength and measures the intensity of emitted
fluorescence signal. The entire process takes only 15 min from
sample loading to signal readout, serving as an ideal POC
detection platform for the fast-evolving COVID-19 pandemic.
In particular, the simultaneous analysis of viral antigen and
corresponding antibodies allows a specific and accurate diag-
nosis of SARS-CoV-2, overcoming the transient expression
of IgM in the blood [94] and the cross-reaction of antibodies
targeting multiple strains of coronaviruses [95, 96]. This
methodology could readily incorporate more target molecules
for a multiplexed COVID-19 test to provide a robust, selec-
tive, and fast diagnosis.

Other alternative detection approaches have been intro-
duced to provide quantitative and fast test results.
Electrochemical biosensors can sensitively detect the electri-
cal signals induced by biochemical reactions. Photonic bio-
sensors can transduce the molecular binding events to optical
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Fig. 2 Chip-based biosensors for potential antigen and antibody
detection for COVID-19. a Miniaturized and high-throughput ELISA
on a chip-based biosensor. The fingerstick blood is directly applied to
an assay chamber. The slide is prepared by printing “stable” spots of
capture antibodies (cAb) and “soluble” spots of the fluorescently tagged
detection antibodies (dAb) on the polymer brush (1). dAb dissolves and
binds to the analyte (2), the complexes diffuse and bind to the respective
cAb spots (3), and subsequently (4) generates fluorescent signals. A

signals. Therefore, extensive studies have exploited these bio-
sensors for POC diagnoses, especially by integrating with
mobile phones [97]. For instance, Sun et al. [90] prototyped
a miniaturized printed circuit board (PCB) module for mobile
phone-based POC detections (Fig. 2c). Using the well-
adopted sandwich ELISA format, this portable module can
detect a wide range of clinically relevant concentrations of
secretory leukocyte protease inhibitor (SLPI), an established
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mobile phone-based reader is coupled with the biosensor to provide quan-
titative readout. Adapted with permission from [90]. b Multiplexed de-
tection of IgG, IgM, and the viral antigen for SARS-CoV-2 based on
fluorescence immunoassay using a centrifugal chip-based biosensor
(FMS: fluorescent microsphere). Adapted with permission from [91]. ¢
A low-consumption electrochemical biosensor for antigen detection,
which is powered directly by a mobile phone. Adapted with permission
from [92]

biomarker for lung infections. The detection results can be
immediately interpreted and saved by the phone and commu-
nicated remotely with medical cloud service or doctors for
further validations. Compared to the electrochemical mecha-
nism, the photonic biosensors can achieve a high signal-to-
noise ratio [98, 99]. Several studies have demonstrated the
applications of photonics techniques for POC detection and
diagnosis [100, 101]. Belushkin et al. [72] investigated the
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early diagnosis of sepsis by using a compact photonic detec-
tion setup. The device can reach an excellent detection limit of
36 pg/mL for C-reactive protein (CRP) and 21 pg/mL for
procalcitonin (PCT), enabling the identification of healthy
controls against sepsis and noninfectious systemic inflamma-
tory response syndrome (ni-SIRS) patients by using clinical
human serum samples. More importantly, the signal output
takes less than 15 min, outrunning the current gold standard
laboratory tests. The device packaged in a compact portable
assembly shows a bright potential for performing fast and
accurate cytokine assays for COVID-19 in clinics and POC
settings for responsive disease management.

Paper-based POC biosensors for the detection of antigens
and antibodies

Besides chip-based biosensors, paper-based biosensors such
as lateral flow test strips and pPAD have emerged to provide a
cost-effective and rapid solution to POC needs. As a versatile
detection tool, paper-based biosensors have been widely used
in medical diagnostics for home/POC testing and laboratory
uses. Recent studies have exploited this assay format for de-
tecting infections [102, 103], cancer biomarkers [104], and
other diseases [105, 106] based on antigens or antibodies,
which can potentially be used for COVID-19. For instance,
Brangel et al. [102] introduced a paper-based serology test for
POC detection of ebola virus infections (Fig. 3a). The test
eventually obtained highly comparable detection performance
to the standard ELISA concerning sensitivity (100%) and
specificity (98%). Furthermore, the authors developed a cus-
tomized mobile phone application for semi-quantifying the
test results (colorimetric intensity-based) and recording the
patient data (such as the test history), representing a systemic
method for epidemic surveillance and patient management.
By adopting a similar detection strategy, Li et al. [103]
developed a quick paper-based serology test for the current
COVID-19 pandemic. This assay targets the two human im-
munoglobulin isotopes, namely IgG and IgM, that are known
to be involved in SARS-COV-2 infections [108](Fig. 3b). To
evaluate the test sensitivity and specificity, 525 patient blood
samples were collected, of which 397 were clinically con-
firmed positive and 128 were negative. Each test consumes
15-20 uL of blood and took around 15 min, achieving a sen-
sitivity of 88.66% and specificity of 90.63%. In particular, 12
clinically negative samples were diagnosed positive (thus
false-positive) with the paper strip. This outcome may not
qualify the proposed test for robust clinical diagnosis. On
the one hand, the authors speculate that the early onset and
rapid denaturation of IgM [94] in blood samples would gen-
erate false-negative signals hence result in lower test sensitiv-
ity. On the other hand, the potential structural homology for
Spike protein binding between COVID-19 antibodies and
those against other coronaviruses [95, 96] would create

false-positive results. Therefore, continuous in-depth virolog-
ical studies are in urgent need to discover COVID-19 highly
specific antigens for developing more accurate POC tests.
Recent endeavors have shown successful integration of
microfluidics technique with paper-based detection approach
to create pPAD, which have improved fluidic control (e.g.,
mixing, merge, and delay) and enhanced test performance
[109]. For instance, Tenda et al. [107] achieved the simulta-
neous testing of three anti-viral antibodies (anti-HIV1, anti-
HA (hemagglutinin), and anti-DENV1 (Dengue Virus Type
I)) in whole blood using a 3D-puPAD. The device is assembled
vertically, where a plasma separation membrane is pre-
inserted between the sample-loading region and the detection
pad, obviating the blood separation steps and ensuring a sim-
ple test operation (Fig. 3¢). Indeed, the entire test only requires
a single step of sample addition (e.g., 20 puL blood) without
any buffer washing steps, followed by 20 min of incubation
and a final image acquisition. The integration of paper-based
detection and microfluidics enables processing of complex
samples (e.g., serum and whole blood) and multiplexed
POC assays for identifying multiple disease biomarkers,
which holds great potential for identifying epidemic infection
and monitoring the progressive cytokine storm in COVID-19.

Other POC biosensors for the detection of antigens
and antibodies

Besides chip-/paper-based biosensors, various biosensors
have been developed to detect biomarkers in a sensitive and
specific manner, including those which are based on
nanomaterials (e.g., nanowires, nanotubes, and nanoparticles)
[110, 111] and 2D materials (e.g., graphene and graphene
oxide) [86, 112]. They have shown promising applications
for POC detections. For example, Chen et al. [113] exploited
the bioluminescence phenomenon found in fireflies for ultra-
sensitive antigen detection with nanomaterials-in-a-tube (Fig.
4a). Specifically, the authors adopted a strategy of sandwiched
immunoassay where cAbs are bound on magnetic nanoparti-
cles (termed as Ab1-MNPs), and dAbs are immobilized on
polystyrene nanoparticles carrying the alkaline phosphatase
(termed as Ab2—PS—ALP). The two nanoparticles anchor
one identical antigen, generating an immune-nanocomplex
of MNPs-Antigen-PS-ALP that can be enriched magnetically.
Therefore, the number of ALP-presenting complexes is direct-
ly correlated to the abundance of antigens in the sample. By
simply modifying the probes on the nanoparticles, this method
could potentially enable ultrasensitive detection of COVID-19
viral antigens. Apart from the soluble nanoparticles, solid-
based nanomaterials have also shown great sensitivity for bio-
sensing. Nanowires made of semiconductor materials or metal
oxides have reached a detection limit in the range of aM to fM
for protein biomarkers [116, 117]. For example, Gao et al.
[114] fabricated an array of silicon nanowires for a
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multiplexed electrochemical detection of lung cancer bio-
markers: miRNA-126 and carcinoembryonic antigen (CEA).
The capture probes were pre-functionalized on the nanowires
(~ 60 nm wide) (Fig. 4b) to achieve a real-time and label-free
analysis. Notably, 10 fg/mL (10 "°g/mL) of CEA can be reli-
ably detected in serum samples, representing an ultrasensitive
tool for early diagnosis of cancer, as well as other diseases
with specific biomarkers, including COVID-19.

2D materials in the form of nanosheets or nanoparticles,
such as graphene, graphene oxide, and black phosphorus,
have drawn considerable attention in material science and bio-
medicine ever since the discovery of graphene in 2004 [118].
Numerous studies have explored their potential in biosensing
and diagnostics, mainly by integration with existing electrodes
or optical units for improving the device performance [119].
For instance, a black phosphorus-based biosensor was intro-
duced for the detection of rabbit IgG [115] (Fig. 4c). Briefly,
black phosphorus nanoparticles (BPNP) were synthesized by
exfoliation of layered black phosphorus microparticles. These
BPNP present an excellent electrocatalytic activity, which
were utilized as electrocatalytic tags for the immunoassay.
The paramagnetic beads (MB) were conjugated with anti-
rabbit IgG to form MB-anti-rabbit IgG. In the presence of
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targets rabbit IgG, the targets bind to the BPNP to form com-
plexes which in turn interact with MB-anti-rabbit IgG. The
subsequent addition of sulfuric acid would result in complex
denaturation, which would ultimately generate an electro-
chemical reaction on the electrode surface. The target IgG
concentration was measured by electrochemical signal pro-
duced by the electrocatalytic activity. This BPNP-based bio-
sensor was highly sensitive and specific, which shows great
promise for human IgG detection for COVID-19.

Apart from the above biosensors that require dedicated
nanotech facilities, others have been focusing on improving
the existing biosensors (e.g., sensitivity and ease of use) with
simple fabrication processes. Textile-based biosensors have
been developed, among others, with wearable or portable fea-
tures and improved assay performance [120, 121]. Moreover,
Choi et al. [84] optimized the fluid transportation in a thread-
based biosensor (a type of textile-based device) for sensitivity
enhancement (Fig. 4d). The fluid flow is delayed by coating
the thread with hydrophobic polysiloxanes, resulting in more
efficient antibody-antigen interaction for the lateral flow as-
say. The detection sensitivity of bacteria S. Enteritidis in-
creased by 10-fold compared to non-modified thread, namely
500 CFU/mL versus 5000 CFU/mL. This simple-to-fabricate
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and sensitive biosensor shows immense potential in detecting
IgG and IgM for a quick COVID-19 serology test. In the
future, more investigations are required to ensure reproducible
biosensor manufacture and consistent performance, and mo-
bile readout methods will promote the biosensor industry and
revolutionize the POC diagnostics.

POC biosensors for the detection of nucleic acids for
COoVID-19

The detection of viral nucleic acids at the early stage of
COVID-19 infection presents a higher sensitivity and speci-
ficity compared to antigen or antibody detection [37]. In gen-
eral, nucleic acid testing involves three main steps: nucleic
acid extraction, amplification, and detection [122-124].
Most COVID-19 tests have been developed to detect the
SARS-CoV-2 specific genes including the RNA-dependent
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A black phosphorus-based biosensor for electrochemical detection
of IgG. Adapted with permission from [115]. d A polysiloxane-
modified thread-based biosensor for sensitive detection of patho-
gens. Adapted with permission from (196)

RNA polymerase (RdRP) gene, Nucleocapsid (N) gene,
Envelope (E) protein gene, Spike protein (S) gene, and
ORF1ab gene [125, 126]. The conventional nucleic acid test
typically requires time-consuming and complicated operation
processes, which are not suitable for POC testing [127].
Therefore, there is an urgent demand to develop rapid, cost-
effective, and highly sensitive POC biosensors to manage the
current pandemic [128].

Chip-based POC biosensors for the detection of nucleic acids

In general, most of the chip-based biosensors for nucleic acid
testing are made of glass because of its transparency and low
auto-fluorescence [129-131]. However, temperature distribu-
tion is not uniform due to the low thermal conductivity of
glass. Since PDMS has advantages including biocompatibili-
ty, low cost, and simple processing, it has been widely utilized
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for the fabrication of miniaturized devices. While nucleic acid
amplification can be performed in a disposable PDMS-glass
chamber, the evaporation of reagents in the PDMS chamber
may result in cross-contamination due to the porous nature of
PDMS. In contrast, PMMA is currently used to fabricate chip-
based biosensors via laser ablation due to its low rate of evap-
oration and low non-specific nucleic acid adsorption [132].
There are many types of chip-based POC biosensors for
COVID-19 such as colorimetric, fluorescence, and electro-
chemical chip-based biosensors.

A colorimetric biosensor based on a LAMP reaction was
developed to detect SARS-CoV-2 nucleic acids [133]. The
3D-printed incubation chamber connected to a water circula-
tor was designed for sample incubation at 50-65°C. SARS-
CoV-2 genetic sequences were amplified for 30 min. Due to
the chemical reaction between DNA polymerases and a
deoxynucleoside triphosphate during LAMP amplification, a
hydrogen ion is produced as a byproduct that results in a color
change from red to yellow in the presence of phenol red.
Positive nasopharyngeal samples were able to be distin-
guished from negative samples with the use of CIELab space
as a color analyzer in the range of 62 to 2x10° DNA copies.
gPCR was used to validate the proposed biosensor and the
results were compatible with each other. To allow more accu-
rate quantification, Sun et al. [134] have developed a fluores-
cence chip-based biosensor integrated with a smartphone as a
model diagnosis system for detection of COVID-19. The
equine respiratory sample was used as a model system for
the diagnosis of COVID-19. At first, primers were injected
into the microfluidic channels and dried. Then, the sample
was introduced to the channel, and evaporation was prevented
with the use of a layer of double-sided adhesive and a cover
glass. A heating step was performed at 65 °C for the LAMP
enzymatic amplification reaction. After LAMP amplification,
fluorescence images were captured by a smartphone based on
emission of the EvaGreen DNA-intercalating dye to obtain an
average value of the pixel intensity for detection of target
nucleic acids. With this biosensor, Equine herpesvirus 1
(EHV1) from horse nasal swab was detected in 30 min with
a detection limit of 18 copies per reaction. The biosensor is
promising for POC detection of COVID-19 with the advan-
tages including rapidity, inexpensiveness, portability, robust-
ness, and ability to perform multiplex detection at a time.
Additionally, it allows simultaneous POC health diagnostic
while reduces false-positive or negative results due to the ex-
istence of multiple channels on the chip. Another fluorescence
chip-based biosensor based on LAMP was demonstrated by
Ganguli et al. [135] for real-time detection of SARS-CoV-2.
At first, Orf 1a, S, Orf 8, and N genes were identified and
analyzed using BLAST for target primers. Then, RT-LAMP
reaction was loaded into the 3D-printed microfluidic polymer
cartridges that consist of a heater and optics via syringes. The
RT-LAMP amplification was performed at 65°C using a self-
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regulating positive temperature coefficient heater. EvaGreen
dye, a double-stranded DNA-intercalating dye, was used to
generate emission light. Finally, the fluorescence signal from
amplicons was recorded via a smartphone followed by analy-
sis using Imagel] software. The detection limit of 5000 RNA
copies/uL in the nasal samples was obtained in less than 40
minutes with the use of a handheld reader at POC. For
multiplexed detection of different pathogens, the first
polymer/paper hybrid microfluidic biochip integrated with
LAMP was reported by the Li group [136] (Fig. 5a). The
biochip includes three layers; the top layer and middle layers
are made of PDMS with a central inlet reservoir and 4
microchannels for reagent delivery, and 8 LAMP zones for
detection, respectively. Different LAMP zones, which consist
of laser-cut chromatography paper disk, were used for simul-
taneous detection of various pathogens including
N. meningitidis, S. pneumoniae, and Hib within 1 h. A glass
slide was utilized as a structural support at the bottom part of
the chip. After commercial LAMP mixture was prepared and
added to the LAMP zones on chip-based biosensor through
the inlet, epoxy glue was used to cover the inlet and outlets.
Next, a low-cost portable heater designed by the group was
used to heat the microfluidic chip for LAMP reactions. It is
possible to directly analyze samples without the necessity of
sample preparation steps owing to the integration of
centrifuge-free lysis step on the chip. Fluorescence images
were captured by a cellphone camera under a portable UV
light pen after LAMP reactions occurred. The detection limit
of N. meningitidis, S. pneumoniae, and Hib were obtained as 3
copies, 6 copies, and 5 copies per LAMP zone, respectively.
This biosensor was further improved by the same group and
applied for the detection of whooping cough (pertussis) [137]
(Fig. 5b). The difference from the previous biosensors is that
they developed a home-made battery-powered heater in addi-
tion to a 3D-printed integrated bioanalyzer for fully POC di-
agnosis. The detection limit of 5 DNA copies per LAMP zone
was obtained. The ready-to-use hybrid biosensor offers inex-
pensive detection with a cost per assay of ~3 dollars. Also, this
biochip provides a fully battery-powered system without the
need for an external power supply, which can be easily
adapted for POC detection of COVID-19.

Similarly, a smartphone has also been coupled with a chip-
based electrochemical biosensor for the detection of SARS-
CoV-2 [139]. This biosensor is made of ion-sensitive field-
effect transistors (ISFETs) using complementary metal-oxide-
semiconductor (CMOS) technology. After the sample reaction
mixture was placed into a disposable 3-D printed cartridge
consisting of a CMOS ISFET microchip (4368 sensors array),
a sensing experiment was conducted in a portable chip-based
biosensor. This biosensor includes an Ag/AgCl reference elec-
trode and a manifold consisting of two microfluidic channels
for the sample and control zone. The nucleic acid extraction
and amplification (LAMP) steps were performed in a tube
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(off-chip), and the amplicons were added into the developed
biosensor for nucleic acid detection. Patient clinical samples
such as nasopharyngeal, throat specimens, and nose swabs
were used to validate the biosensor with a detection time of
<20 min. The voltage change due to the pH variations was
recorded and analyzed using a custom smartphone application
developed on AndroidOS. The diagnosis platform had a de-
tection limit of 10 copies of DNA per reaction with sensitivity
and specificity of 90.55% and 100%, respectively. The devel-
oped biosensor is advantageous over lateral flow test based on
CRISPR-Cas12 [140] due to its ability to provide quantitative
results. The biosensor provides portable, low-cost, and rapid
quantification of SARS-CoV-2 RNA along with a smartphone
application. Another ISFET biosensor using a CMOS Lab-on-
Chip platform was presented for Plasmodium falciparum ma-
laria diagnosis by Malpartida-Cardenas et al. [138] (Fig. 5¢).
The biosensor was fabricated using unmodified CMOS tech-
nology and LAMP. DNA amplification detection was per-
formed in a microfluidic chamber made of acrylic sheet and
integrated on top of the CMOS chip. After pH-LAMP re-
agents were loaded to the microfluidic chamber, DNA
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amplification reactions occurred. A printed circuit board
(PCB) was utilized to control temperature during amplifica-
tion. A proportional electronic (voltage) change was obtained
due to a change in pH of the loaded solution as a result of
DNA amplification followed by sensing via ISFETs. The
analysis time was less than 20 min. Real-time data acquisition
was achieved by a Matlab-based graphical user interface.
Although the proposed method is promising for sensitive
and selective diagnosis of infectious diseases, the sample
preparation step should be eliminated with further improve-
ment to obtain a fully POC sample-to-result platform.

In another study, a label-free electrochemical biosensor
was proposed for COVID-19-specific viral RNA/c-DNA
[141]. The biosensor consisted of a three-electrode system
including platinum electrodes as a reference and a counter
electrode and a titanium substrate which was functionalized
with AuNPs via electrodeposition as a working electrode. At
first, a complementary single-stranded probe with a thiol end
was constructed. Then, the modified probe was immobilized
to the gold surface via gold-thiol interaction. The hybridiza-
tion occurred after the target nucleotide was attached to the
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biosensor surface. While the reaction chamber was confined
with a PDMS reservoir, a USB was integrated into the hand-
held biosensor to allow specific DNA detection of COVID-
19. Smartphones with software applications were used to an-
alyze electrochemical data. The drawback of this method in-
cludes the need for the target DNA/RNA to be extracted from
patients for sample preparation. The biosensor is under devel-
opment and differential pulse voltammetry and electrochemi-
cal impedance spectroscopy techniques can be applied to at-
tain an electrochemical response of DNA sensors [142, 143].

In addition to the aforementioned biosensors, localized sur-
face plasmon resonance (LSPR) biosensors have also been
used for COVID-19. LSPR detection systems exhibit higher
sensitivity compared to other biosensors due to the improved
plasmonic field [144]. Hence, LSPR has the potential for
label-free and real-time biosensing of nano/micro scale
analytes. An optical biosensor was recently developed based
on real-time dual-functional plasmonic photothermal (PPT)
for the detection of SARS-CoV [145]. Nucleic acid hybridi-
zation of SARS-CoV-2 RNA sequences was performed using
gold nanoisland (AuNI) chips functionalized with a DNA
probe. At first, Au nanofilm was used to construct the AuNI
sensor chips on the glass surface. Then, the solution contain-
ing thiol-cDNA of RdRp-COVID was gradually injected into
the sensor chip to functionalize the chip, forming Au-S bond
between the thiol-cDNA and AuNIs. The optimum cDNA
concentration was found as 1 nmol for modification of the
AuNI chips. After that, the AuNI chips were placed into
LSPR systems to detect specific viral sequences. To observe
PPT heat effect, the thermoplasmonic heat was in situ gener-
ated on the surface of AuNIs chip under the PPT heat (32 mW
optical power at 532 nm) and hybridization reaction was oc-
curred. Once the RARp-COVID RNAs were introduced to the
microfluidic chip, the LSPR response of the dual-functional
AuNI biosensor increased. It was observed that nucleic acid
hybridization kinetics of RARp-COVID and its cDNA was
improved by the localized PPT effect. Thus, the sensitivity
of the biosensor was improved due to the combination of the
LSPR sensing transduction and the plasmonic photothermal
(PPT) influence. With this biosensor, the detection limit of the
RdRp gene was about 0.22 pM. In addition, RdARp genes were
successfully distinguished from SARS-CoV and SARS-CoV-
2, showing the high specificity of the biosensor.

Paper-based POC biosensors for the detection of nucleic acids

Besides chip-based biosensors, paper-based biosensors have
drawn attention for diagnosis of COVID-19 due to their cost-
effectiveness, simple fabrication, and operation which provide
rapid diagnosis at home. Lateral flow test strips, in particular,
have been used for nucleic acid detection as the immobilized
probes provide a visual readout upon interaction with target
nucleic acids [146, 147].
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Numerous studies have reported the use of lateral flow test
strips to detect nucleic acid of COVID-19 based on colorimet-
ric detection. For instance, one study introduced a multiplex
reverse transcription LAMP (mRT-LAMP) coupled with a
lateral flow test strip [148] (Fig. 6a). Briefly, in a single tube,
the opening reading frame 1a/b (ORF1ab) and nucleoprotein
(N) target genes of SARS-CoV-2 were amplified utilizing two
LAMP primer sets. Fluorescein (FITC)-/digoxin- and biotin-
attached duplex amplicons were generated due to the presence
of FITC-/digoxin- and biotin-labeled primers on the nitrocel-
lulose membrane. Then, the ORFlab and N genes of SARS-
CoV-2 were simultaneously detected by the appearance of a
red band on the test strip as a result of interaction between a
biotin-labeled product and streptavidin-conjugated colored
nanoparticles in 2 min. The detection limit was 12 copies each
of the ORFlab-plasmid and N-plasmid constructs, which
were compatible with results obtained by singleplex detection.
The assay was validated using clinical samples from 33 pa-
tients infected by SARS-CoV-2 and 96 non-SARS-CoV-2
infected patients. However, the number of clinical samples
was limited and sputum, blood, urine, feces, and nasal sam-
ples were not utilized to determine COVID-19 infection.

Besides colorimetric detection, paper-based biosensors
have also been introduced to detect nucleic acids of COVID-
19 based on fluorescence detection. For example, a CRISPR-
Cas12 technology [140, 150]. Generally, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR/Casbased)
have been developed for nucleic acid detection. The single-
stranded DNA (ssDNA) reporters are cleaved by Cas12 once
the target is introduced, producing fluorescent signals [151,
152]. For example, Lucia et al. [153] developed a portable and
sensitive detection method for COVID-19 using CRISPR-
Casl2a. At first, the SARS-CoV-2 fragments corresponding
to the RdRp, ORF1b and ORFlab genes were synthesized
based on the WH-humanl sequence (GenBank MN908947).
Then, the TwistAmp® Basic recombinase polymerase ampli-
fication (RPA) kit was used to employ the one-step target
amplification for 30 min at 42°C, followed by the generation
of the CRISPR-detection complex reaction for 10 min at room
temperature. Commercially available Milenia HybriDetect
(TwistDx) lateral flow test strip was used for detection of the
complex. A saliva sample from a healthy donor spiked with
synthetic SARS-CoV-2 RNA fragments was also tested.
According to results produced by the fluorescence spectro-
photometer, the limit of detection for ORFlab coronavirus
sequences was about 10 copies/uL. Yoshimi et al. [154] de-
veloped a Cas3-based (SHERLOCK, Specific High-sensitive
Enzymatic Reporter UnLOCKing) lateral flow assay for POC
detection of SARS-CoV-2. Cas3-Operated Nucleic Acid
detectioN (CONAN) as a nucleic acid detection method along
with isothermal amplification methods offers a fast, sensitive
detection platform for SARS-CoV-2 without the necessity of
an instrument. In the presence of targets, the cleaved
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Fig. 6 Paper-based biosensors for potential nucleic acid detection for
COVID-19. a A paper-based biosensor or lateral flow test strip for visu-
alization of COVID-19 reverse transcription loop-mediated isothermal
amplification (RT-LAMP) products. Adapted with permission from

fluorophore-quencher (FQ)—labeled ssDNA probe (5'-/5-
FITC/TAGCATGTCA/3-Biotin/-3") leads to a signal for pos-
itive results on lateral flow strip. A detection limit of <107
copies for SARS-CoV-2 was obtained using CONAN-
LAMP at 62°C for 30 min. The paper-based biosensor was
validated using COVID-19 patients from nasopharyngeal
swabs and the fluorescence signal was detected in a few
min. Another group developed a simple SHERLOCK
Testing in One Pot (STOP) that performs amplification at a
single temperature to detect SARS-CoV-2 [155]. Briefly, a
nasopharyngeal swab or saliva sample was added into the
lysis buffer and heated at 60°C. Then, a commercial lateral
flow test strip was used to detect synthetic SARS-CoV-2 ge-
nomes in a reaction tube for 2 min lateral flow readout. A
detection limit of 100 copies of the viral genome was obtain-
ed. While the aforementioned target detection utilizes inex-
pensive and simple lateral flow test strips, the step of nucleic
acid extraction is off-chip, which is complex and equipment-
dependent; hence, these biosensors are less suitable for POC
applications. Therefore, there is a need to develop an integrat-
ed paper-based biosensor for rapid nucleic acid testing for
COVID-19.

Several studies have demonstrated the development of
sample-to-answer paper-based biosensors which offer tremen-
dous potential for diagnosis of COVID-19. For instance,
Rodriguez et al. [156] reported a foldable paper-based biosen-
sor combining nucleic acid extraction, LAMP, and lateral flow

[148]. b An integrated paper-based sample-to-answer biosensor for the
detection of pathogens. Adapted with permission from [149]. ¢ A dispos-
able and integrated paper-based biosensor for nucleic acid extraction,
amplification, and detection. Adapted with permission from (197)

detection using immunochromatographic strips for POC de-
tection of nucleic acids. Briefly, a polyethersulfone (PES)
membrane was used to perform LAMP assay. FITC and biotin
were utilized to label forward and reverse loop primers in
order to detect amplified products on test strips that include
streptavidin-conjugated AuNPs. The signal was then captured
and analyzed using an iPhone 5 camera and ImagelJ, respec-
tively. The biosensor provides rapid and POC detection of
human papillomavirus DNAs from the patient cervical sam-
ples in no more than an hour. This platform also can be
adapted for the diagnosis of any diseases by applying corre-
sponding primer probes and LAMP assay conditions.
However, the disadvantage of the biosensor is that an external
heat source is necessary for the isothermal amplification step.
In addition, assay conditions should be further optimized to
decrease the volume needed and pipetting steps of solutions.
Thus, the portability and ease of use by the end user should be
improved. This study was improved by Choi et al. [149],
developing a paper-based biosensor integrating nucleic acid
extraction, amplification, and colorimetric detection using a
smartphone for the detection of nucleic acid (Fig. 6b). The
biosensor includes four layers where fluid flow is controlled
by polyvinyl chloride (PVC) layers. After the sample addition
and nucleic acid extraction were performed on a Fast
Technology Analysis (FTA) card, amplification reagents were
loaded onto the glass fiber for amplification. A portable and
battery-powered heating biosensor was used for the LAMP
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step. Finally, the double-stranded DNAs were separated into
single strands at 95°C followed by hybridization between the
thiolated probe and synthesized AuNPs. A smartphone was
used to capture colorimetric images and the color intensities
were analyzed by a custom App developed by the group. The
biosensor was applied to detect Escherichia coli in drinking
water, milk, blood, and spinach samples with a detection limit
of 10-1000 CFU mL . The analysis time from the sample-to-
answer process takes ~1 h. The advantage of this biosensor is
nucleic acid extraction, amplification, and testing processes
that require various temperature and duration for each layer
can be performed with the use of a single biosensor containing
a heater, PVC layers as valves, and a suitable compartment to
insert a microcentrifuge tube for lateral flow assay (LFA).
Also, the proposed biosensor is suitable for POC diagnosis
due to the ease of signal readout by the naked eye. This bio-
sensor was improved by eliminating the necessity of off-chip
nucleic acid extraction, amplification, and reagent storage as
well as benchtop equipment. With further improvement of the
previous biosensor, Tang et al. [25] presented a fully dispos-
able paper-based biosensor that combines nucleic acid extrac-
tion, helicase-dependent isothermal amplification (tHDA),
and lateral flow assay for nucleic acid testing (Fig. 6¢). Once
the sample was placed in the sample zone, the extraction step
was triggered by releasing lysis buffer via pushing the button
on the biosensor. Then, the two copper sheets including the
DNA template and freeze-dried thermophilic tHDA reagents
were simultaneously placed in the amplification zone to start
the amplification step. The isothermal amplification was
achieved with the use of an integrated battery, an ultrathin
heater, a temperature control switch along with a dried en-
zyme mixture which is stored on-chip. The target and running
buffer diffused through the lateral flow strip by capillary ac-
tion after the copper sheets were placed in the LFA detection
compartment. Finally, a colorimetric signal was observed with
the naked eye using the lateral flow test strip. An iPhone 6S
was used to capture the images of the test line and the Image-
Pro Plus 6.0 was used for the analysis of the optical densities
of'the test line. The developed biosensor is advantageous over
the integrated LFA biosensor [156, 157] based on PES-based
DNA/RNA extraction, real-time amplification, and detection
process as it does not require an external heater for the ampli-
fication step. It is promising for POC detection of COVID-19
while meeting the ASSURED criteria.

Other POC biosensors for the detection of nucleic acids

In addition to the chip-based and paper-based POC biosen-
sors, other biosensors such as thread-based biosensors and
emerging nanomaterial-based biosensors have also been used
for COVID-19. For example, a nanomaterial and circle-to-
circle amplification (C2CA)-based optomagnetic biosensor
for real-time detection of SARS-CoV-2 was developed by
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Tian et al. [158] (Fig. 7a). The method provides a homoge-
neous and isothermal nucleic acid quantification using C2CA
and optomagnetic analysis of magnetic nanoparticle (MNP)
strategy. This biosensor is advantageous over previously re-
ported C2CA-based sensors as it offers real-time and simple
operation due to the combination of two amplification rounds
in a single-step process. The biosensor exhibited a detection
limit of 0.4 fM for the detection of a synthetic SARS-CoV-2
RdRp DNA with a total assay time of ~ 100 min.

In another study, a magnetic bead-quantum dot (MB-
Qdot)-CRISPR DNA detection biosensor was developed by
Bao et al. [161]. After the biotinylated ssDNA probe was
cleaved by Cas enzyme, the probe molecules were attached
to streptavidin-coated magnetic particles. Then, the quantum
dot was used as a fluorophore-quencher substrate to conjugate
complementary ssDNA oligonucleotide molecules. Once un-
cleaved probes linked to the magnetic beads were hybridized
by the quencher molecules, the cleaved ssDNA probes at-
tached to the Qdots were separated via magnetic separation.
The resulting signal was detected fluorometrically for a target
double-stranded DNA of the African Swine Fever Virus
(ASFV) genome and a detection limit of 0.5 nM was obtained
under a UV flashlight. Compared to traditional CRISPR-Cas
technology, the proposed method showed low detection back-
ground due to the isolation of magnetic beads that lead to
eliminating background signal. Multiplex detection of DNA
and RNA targets can be achieved by this method. Although
the developed method offers a simple, instrument-free, one-
pot reaction for amplification reagents which is suitable for
resource-limited countries at POC detection of viruses, it has
not been tested for COVID-19 yet. Another nanomaterial-
based biosensor for POC detection was presented by Gong
et al. [159] (Fig. 7b). Green colored-core upconverting nano-
particles (UCNPs) (NaYF4:Yb/Er) were synthesized and
UCNP-DNA probe was used to modify the nitrocellulose
membrane. The detection sensitivity of biosensors with
UCNPs was higher than that of AuNPs. The working principle
of this biosensor is based on the reaction between UCNP
probes and target nucleic acid followed by recognition of cap-
ture probes at the test line while capturing the excess free
UCNP probes at the control line. Once the specimen was
introduced to the biosensor for detection of nucleic acids of
hepatitis B virus, it was observed that fluorescent signal at the
test line increased with increasing the number of targets in the
sample. Fluorescence intensities were quantitatively analyzed
with the use of UCNP-LFA reader and the smartphone with a
custom-designed App in a real-time manner. The proposed
biosensor meets the requirement of clinical diagnosis as it
presents 5—10-fold lower detection limit compared with the
clinical cutoff value. This biosensor is advantageous over
some existing biosensors as the universality of the platform
was demonstrated by quantitative detection of various
analytes such as ochratoxin A, Hg2+, salmonella, hepatitis B
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virus, and growth stimulation expressed gene 2, ST-2. Also,
the biosensor is promising for POC detection of COVID-19
due to its miniaturization and portability.

Furthermore, a portable colorimetric LAMP (qcLAMP)—
based biosensor was constructed for quantitative detection of
SARS-CoV-2 [162]. The miniaturized biosensor was fabricat-
ed using 3D printing technology that allows visual readout of
the color change during DNA amplification via a smartphone
application. The biosensor exhibited a low detection limit (1—
10 copies of DNA) within less than 30 min. The validation of
the method was demonstrated with the use of clinically con-
firmed positive and negative saliva and tissue samples. The
biosensor is rapid and cost-effective which is highly suitable
for POC COVID-19 diagnosis.

In addition, thread-based biosensors have also been intro-
duced for nucleic acid detection which are more advantageous
than the traditional 96-well plates due to lower sample/
reagents consumption and shorter analysis time [163]. For
instance, a cotton thread biosensor based on fluorescence de-
tection was developed by Du et al. [160] (Fig. 7c). While a
single cotton thread strip was placed on two parallel double-
faced adhesive tapes, an absorbent pad was positioned at the
downstream point. The detection mechanism was based on the
interaction between AuNP conjugates modified with biotinyl-
ated adenosine-based molecular beacon (ABMB) probes and
the sample containing target DNA sequences. In the presence
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pathogen detection. Adapted with permission from [159]. ¢ A cotton
thread-based biosensor for nucleic acid detection for disease diagnosis.
Adapted with permission from [160]

of targets, the biotin group of the probes reacted with
streptavidin attached to the cotton thread resulting in a red
band. The color intensities on the test zone were quantitatively
analyzed using a scanner and ImagelJ software. The thread-
based biosensor could detect human genetic disease, heredi-
tary tyrosinemia type I-related DNA in a linear range of 2.5~
100 nM. This biosensor shows great promise for the detection
of COVID-19 owing to its simple fabrication steps and cost-
effectiveness.

Commercial POC biosensors for COVID-19

To date, several cost-effective POC biosensors have been
commercialized for COVID-19, which mainly detects nucleic
acids and antibodies (Table 2). For instance, HybriDetect, a
paper-based biosensor or lateral flow test strip, has been de-
veloped by Milenia Biotec GmbH for the detection of RPA,
LAMP, and PCR amplicons. Following amplification with
specific primers, the FITC-tagged amplicons can be detected
using HybriDetect dipstick based on AuNPs. The result can
then be observed within 5 min with the naked eye [140, 155].
Another paper-based biosensor developed by Abingdon
Health’s PCRD is also based on nucleic acid lateral flow im-
munoassay. It is developed in the form of cassettes and dip-
sticks (PCRD FLEX) that can give results within 10 min

@ Springer
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which can potentially be used for COVID-19. On the other
hand, a U-Star disposable nucleic acid—based lateral flow de-
tection unit has been developed by TwistDx. Briefly, this test
strip is designed to detect a biotin and FITC or FAM-labeled
amplicon. The process of detection occurs in a sealed car-
tridge, which gives results within 10-15 min [177, 178].

Besides nucleic acid detection, some commercial biosen-
sors have been used for the detection of antibodies (IgG/IgM).
Lateral flow test strips, in particular, have been widely avail-
able in the market to rapidly diagnose COVID-19 based on
IgG/IgM. For instance, Cellex’s gSARS-CoV-2 1gG/IgM
Rapid Test was developed by Cellex, which is able to produce
results within 20 min using different samples from COVID-19
patients like the serum, plasma, or whole blood samples. The
test strips consist of (i) a conjugate pad containing SARS-
CoV2 recombinant antigen conjugated with AuNPs and rabbit
IgG gold conjugate, and (ii) a nitrocellulose membrane having
an IgM and IgG lines coated with anti-human IgM and anti-
human IgG, respectively. There is also a control line coated
with goat anti-rabbit IgG. The clinical sensitivity and specific-
ity of the kit are 93% and 96%, respectively [168]. Abbexa’s
COVID-19 IgG/IgM rapid testing kit was used to detect IgG/
IgM, producing test results in 10 min. Similar to Cellex’s test
kit, the samples such as the whole blood, serum, and plasma
can be used for testing, which produces colorimetric IgG and
IgM signals in two separate bands. The clinical sensitivity and
specificity of the kit are 93% and 96%, respectively [175,
179]. In addition, Onsite COVID-19 IgG/IgM rapid test has
been developed by CTK, USA, for screening anti-SARS-
CoV2 IgG and IgM from different samples like the serum,
plasma, or whole blood in 15 min. The clinical sensitivity
and specificity of the kit are 97.1% and 97.8%, respectively
[176, 180]. These kits have enabled the rapid diagnosis of
patients with suspected COVID-19 infection to manage the
ongoing pandemic.

Conclusion and future perspectives

In summary, given that there are no specific vaccines or treat-
ments for COVID-19, rapid and early diagnosis is imperative in
providing timely health measures to reduce the risk of health
complications and to prevent further spread of the virus. This
review article presents an overview of the development of POC
biosensors, including chip-based biosensors, paper-based biosen-
sors, and other biosensors (e.g., textile-based and nanomaterial-
based biosensors) for COVID-19. These biosensors are simple,
user-friendly, and cost-effective, holding a significant potential to
substitute the conventional lengthy and time-consuming technol-
ogies. Antibody tests are appropriate to detect late-stage or past
infections while nucleic acid tests are effective in identifying the
early stage of infection. While the current nucleic acid tests pres-
ent a higher sensitivity and specificity than that of antibody tests,

they involve more lengthy and complicated processes (i.e.,
nucleic acid extraction, amplification, and detection). In contrast,
even though the existing antibody tests show lower specificity,
they have shorter turnaround time than that of nucleic acid tests,
which enable fast decision-making and health management in
remote settings.

While POC biosensors are widely available, further im-
provements are required to bring the technology to the next
level. The recent commercial diagnostic kits that involve the
use of IgG/IgM test strips have helped shorten the assay time
but their sensitivity and specificity are yet to be improved
[181]. To enhance detection sensitivity, some sensitivity en-
hancement strategies should be implemented into the biosen-
sors such as fluidic control strategies [182], enzyme-based
signal improvement strategies [183], and sample concentra-
tion strategies [184]. In addition to detection sensitivity, the
capability of multiplexing is essential to increase assay pro-
ductivity [185]. In particular, the combination of both IgG/
IgM and nucleic acid tests would allow the detection of both
early and late stages of COVID-19 infection, yielding more
accurate and reliable results.

Apart from that, to simplify user steps, multiple processing
steps ranging from sample preparation to signal detection
should be integrated into a single biosensor. Specifically, re-
cent studies have incorporated sample-to-answer processes
into a single biosensor to detect antibodies and nucleic acids
of pathogens, which could be applied for COVID-19 [186].
Furthermore, incorporating a sample collector into the biosen-
sors would make it more user-friendly. For instance, incorpo-
rating a microneedle for the painless collection of blood sam-
ples would make the biosensor simpler and would also reduce
patient anxiety and stress [187]. Given that blood samples can
be collected with a single push of a button, the use of this self-
contained biosensor only requires minimal training. In addi-
tion to blood testing, more POC biosensors should be devel-
oped to screen the COVID-19 virus in saliva [188]. This ap-
proach is non-invasive and the sample is easy to collect, trans-
port, and analyze.

Future work should also focus on developing portable and
equipment-free biosensors. Preserving reagents on-chip
would be preferable to eliminate the need for sophisticated
storage units (e.g., fridge and freezer) [189]. Furthermore,
incorporating portable power sources (e.g., batteries) would
advance assay functionality, especially for nucleic acid tests
that require a powered heater for amplification [25, 190]. This
function is useful particularly in settings where high-end
equipment and electricity are unavailable. Data quantification
is also critical to accurately evaluate patients’ health condi-
tions [28]. It could be achieved through developing
smartphone apps that allow data analysis in remote settings
while enabling data storage to track patients’ health status.
The use of Internet-of-Things allows patients to share test
results with healthcare workers, and facilitates analysis and
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tracking of patient health information for onsite real-time
health monitoring [191, 192].

In short, the simplicity, rapidity, cost-effectiveness, and
portability of the biosensors play a key role in POC testing
as the pandemic evolves. Given that the virus can be transmit-
ted by an asymptomatic person, the development of home-
based POC biosensors is of paramount importance to allow
self-testing and immediate self-isolation once tested positive
to avoid further transmission of the virus. It is envisioned that
the emerging POC biosensors could be produced on a large
scale for mass testing to rapidly identify COVID-19 cases and
manage the pandemic.
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