1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Nano. Author manuscript; available in PMC 2024 November 05.

-, HHS Public Access
«

Published in final edited form as:
ACS Nano. 2024 January 23; 18(3): 1757-1777. doi:10.1021/acsnano.3c01629.

Low-Cost Biosensor Technologies for Rapid Detection of
COVID-19 and Future Pandemics

William Reis de Araujo,
Portable Chemical Sensors Lab, Department of Analytical Chemistry, Institute of Chemistry, State
University of Campinas — UNICAMP, Campinas, SP 13083-970, Brazil

Heather Lukas,
Andrew and Peggy Cherng Department of Medical Engineering, Division of Engineering and
Applied Science, California Institute of Technology, Pasadena, California 91125, United States

Marcelo D. T. Torres,

Machine Biology Group, Departments of Psychiatry and Microbiology, Institute for Biomedical
Informatics, Institute for Translational Medicine and Therapeutics, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania 19104, United States; Departments of
Bioengineering and Chemical and Biomolecular Engineering, School of Engineering and Applied
Science and Penn Institute for Computational Science, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, United States

Wei Gao,
Andrew and Peggy Cherng Department of Medical Engineering, Division of Engineering and
Applied Science, California Institute of Technology, Pasadena, California 91125, United States

Cesar de la Fuente-Nunez

Machine Biology Group, Departments of Psychiatry and Microbiology, Institute for Biomedical
Informatics, Institute for Translational Medicine and Therapeutics, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania 19104, United States; Departments of
Bioengineering and Chemical and Biomolecular Engineering, School of Engineering and Applied
Science and Penn Institute for Computational Science, University of Pennsylvania, Philadelphia,
Pennsylvania 19104, United States

Abstract

Many systems have been designed for the detection of SARS-CoV-2, which is the virus that
causes COVID-19. SARS-CoV-2 is readily transmitted, resulting in the rapid spread of disease
in human populations. Frequent testing at the point of care (POC) is a key aspect for controlling
outbreaks caused by SARS-CoV-2 and other emerging pathogens, as the early identification of
infected individuals can then be followed by appropriate measures of isolation or treatment,
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maximizing the chances of recovery and preventing infectious spread. Diagnostic tools used

for high-frequency testing should be inexpensive, provide a rapid diagnostic response without
sophisticated equipment, and be amenable to manufacturing on a large scale. The application of
these devices should enable large-scale data collection, help control viral transmission, and prevent
disease propagation. Here we review functional nanomaterial-based optical and electrochemical
biosensors for accessible POC testing for COVID-19. These biosensors incorporate nanomaterials
coupled with paper-based analytical devices and other inexpensive substrates, traditional lateral
flow technology (antigen and antibody immunoassays), and innovative biosensing methods. We
critically discuss the advantages and disadvantages of nanobiosensor-based approaches compared
to widely used technologies such as PCR, ELISA, and LAMP. Moreover, we delineate the main
technological, (bio)chemical, translational, and regulatory challenges associated with developing
functional and reliable biosensors, which have prevented their translation into the clinic. Finally,
we highlight how nanobiosensors, given their unique advantages over existing diagnostic tests,
may help in future pandemics.
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INTRODUCTION

In response to a pandemic threat, the rapid identification and detection of disease-causing
pathogens are critical public health measures. Technologies capable of rapid detection
would help protect uninfected individuals against viral transmission while accelerating the
response to epidemics or pandemics, such as that caused by SARS-CoV-2. Public health
interventions aimed at controlling disease spread include physical distancing, evaluating the
severity of the disease, and treating patients accordingly.12 In the case of SARS-CoV-2,

the protocol recommended by the Centers for Disease Control and Prevention (CDC) and
other health organizations is the accurate detection of SARS-CoV-2 nucleic acids present

in oropharyngeal/nasopharyngeal (OP/NP) fluids by using real-time reverse transcription-
polymerase chain reaction (RT-PCR).2 Indeed, several RT-PCR-based diagnostic kits for
SARS-CoV-2 detection are already available; however, they have several drawbacks. These
kits are costly and time-consuming to operate. Furthermore, advanced equipment and skilled
staff are needed to process test results.! The high cost of diagnosis and the scarcity of

test Kits, especially in developing countries, hinder the continual monitoring of community
transmission and their widespread use.

The case of SARS-CoV-2 is particularly problematic because this virus can be transmitted
from people who are presymptomatic, symptomatic, or asymptomatic; thus, identifying
infected subjects based on symptoms alone (and then isolating them) is insufficient to stop
the virus from spreading. Population-wide screening tests to detect infected individuals

are the most effective way to break the chain of transmission and stop the pandemic.3

The development of advanced and accessible POC devices to test both symptomatic

and asymptomatic individuals is required to quickly limit viral transmission in human
populations. These diagnostic tools should be inexpensive and easy to use, allowing frequent
testing, i.e., multiple tests per week.2

Inexpensive tests with rapid outcomes are of the utmost importance in areas where there are
accelerated rates of transmission of COVID-19 (or other infectious diseases) because they
allow massive and periodic community testing in decentralized testing sites and can be used
frequently. Infections can be detected with such tests in a timely manner, so that even if

the tests do not meet the benchmark analytic limit of detection, infections can be contained
by steps that can be taken immediately.* Additionally, rapid and cost-effective testing can
minimize the economic effects of the pandemic, because there is less disruption of usual
activities.® In addition to the low market cost, if such testing devices are portable and easy to
manufacture at a large scale, they are more likely to be widely used.

The COVID-19 outbreak challenged the scientific community to respond rapidly by
developing and improving rapid diagnostics, vaccines, medicines, and functional protective
materials.58 Advances in the fields of materials science, microfabrication, and sensing

have enabled the development of several diagnostic methods that hold promise for future
pandemics. These technologies overcome the limitations of traditional methods by providing
fast clinical outcomes, reduced cost, easy operation, reproducibility, and precision. Optical,
mainly colorimetric, and electrochemical biosensors stand out as effective options because
of their well-established fabrication and functionalization techniques, such as screen
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printing, inkjet printing, roll-to-roll, and 3D printing. Additionally, the use of low-cost and
accessible materials, such as paper substrates, allows portability and easy disposal of the test
after use.? These devices can be miniaturized and require only a small volume (microliters)
of biofluids to perform accurate bioassays with readout directly on a smart device, such

as a cell phone.19-14 Functional materials can be combined to enable catalytic responses
with enhanced sensitivity and large surfaces, on which biological receptors (enzymes,
antibodies, and aptamers) can be immobilized. Such materials provide adequate selectivity
and analytical parameters for diagnostic tests.

Thus, in this review, we focus on the use of cost-effective nanomaterial-based optical

and electrochemical approaches for the development of accessible diagnostic tests for
COVID-19 with the idea that these technologies may be applicable in future pandemics.

We describe nanomaterials coupled with paper-based analytical devices and other convenient
platforms with emphasis on the use of traditional lateral flow technology (antigen and
antibody immunoassays) and innovative biosensing methods. In summary, nanomaterials
enhance the biosensing response (signal transduction) and, consequently, method sensitivity.
The main benefits of nanomaterials are their higher surface area/volume ratio, which
increases the detectability of the assay compared to bulk equivalents, as well as their unique
optical, plasmonic, and electrical properties.1>-16 However, using nanomaterials presents
several challenges in developing diagnostics in terms of scalability, mass production, and
sensitivity. Therefore, we have included critical discussions about the need for controlled
synthesis, strategies for the biofunctionalization of nanomaterials (i.e., mainly metallic
nanoparticles), and the importance of evaluating their stability and homogeneity in order

to build reproducible and reliable biosensing diagnostic tests.

We highlight diagnostic methods that meet the ASSURED criteria, i.e., that have

the following features: Affordable, Sensitive, Specific, User-friendly, Rapid and robust,
sophisticated Equipment-free, and Delivered to the end-users.1”-18 Currently, there is not a
consensus or well-established cutoff value in the literature for considering a diagnostic test
low-cost. The World Health Organization (WHO), through the ASSURED criteria, suggests
typical values of US $1.00 to US $10.00 per test to be considered affordable, varying

from rapid antigen tests to molecular assays and depending on the disease evaluated.18

In 2020, a global partnership guided by WHO established efforts to provide affordable

tests for COVID-19 at prices lower than US $5.00 per test aiming for applications in low-
to middle-income countries.1? In addition, a modeling study comparing different testing
scenarios, showed that the frequent use (weekly test) of US $5.00 per test is more cost-
effective than the status-quo strategy of symptom-based testing and isolation.2? Therefore,
for point-of-care applications, we estimate the cutoff value as US $5.00 per biosensor test
to consider it a low-cost solution. However, it is important to highlight that few studies
have thus far described the estimated costs of diagnostics tests. Moreover, reported costs
are not standardized and vary depending on the manufacturer, scale, and factors such as
labor intensity, fabrication, and commercialization costs. We also provide recommendations,
key challenges, and future directions needed to translate biosensors into rapid and reliable
diagnostic tests that are scalable and widely used in the clinic and that may help in
upcoming pandemics and outbreaks.
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2. SARS-COV-2 STRUCTURE AND BIOMARKERS FOR COVID-19
DIAGNOSIS

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA virus with nanometric
dimensions (80-120 nm diameter)2! whose genetic material is wrapped within lipid bilayers.
SARS-CoV-2 RNA encodes four major structural proteins: the spike protein (S protein),
which binds to the host receptor resulting in the consequent entry of the virus to the

host cell; the nucleocapsid protein (N protein), which encapsulates the viral RNA; and the
membrane (M) and envelope (E) proteins that enable morphogenesis of the viral envelope
(Figure 1A).21.22 Thus, S, M, and E are readily available, whereas N is accessible after the
viral particle is lysed; i.e., methods for detecting N protein require sample treatment prior to
the measurements.

The genomic material and structural proteins of SARS-CoV-2 have been investigated as
antigenic biomarkers for detection by nanomaterial-based biosensors. The most common
biomarkers for targeted diagnosis are antigens, antibodies, and receptors, each of which
represents specific responses to the virus by the human host. Molecules derived from
inflammatory processes (e.g., C-reactive protein, serum amyloid A, interleukin 6, lactate
dehydrogenase, cardiac troponin, and D-dimer) or that are expressed or suppressed in tissues
and organs such as blood, kidneys, heart, and liver, have also been explored for disease
diagnosis.12:23 The main antigens, antibodies, and receptors used as biomarkers for the
detection of SARS-CoV-2 and for diagnosing COVID-19 are given in Table 1.

Nanomaterials developed for the selective detection of SARS-CoV-23° provide the basis
for a multitude of POC devices for COVID-19 diagnosis.38 The effectiveness of POC
biosensors, as well as their testing time, depends on identifying specific molecular
biomarkers and using adequate receptors. Examples of biomarker-based nanomaterials used
in biosensors are described below.

2.1. Protein Biomarkers.

The S protein is the biomarker that has been the most extensively leveraged for SARS-
CoV-2 detection. It has 66 N-glycosylation sites3” and comprises three subunits: S1, S2,
and a single transmembrane anchor.38 The S protein selectively binds to human angiotensin-
converting enzyme 2 (ACE2), a cellular surface receptor, through its receptor-binding
domain (RBD).39 This binding is essential for membrane fusion between the virus and

the host cell.*0 Numerous SARS-CoV-2 variants have mutations in the S protein, affecting
the interaction of the virus with ACE2. However, variation in the S protein often leads

to increased binding affinity, thus, not altering the ability of ACE2-based biosensors to
accurately detect the viral infection.#142 Therefore, native ACE227:29:30 and synthetic
variants#3-46 have been used to trap or selectively bind to SARS-CoV-2 viral particles

on the surface of nanomaterials used to coat POC devices.27:29.304748 The ACE2 receptor
(or a variant thereof), in the form of a purified protein, is often covalently anchored onto

the nanomaterial surface through amide or thiol bonds. As the binding of the S protein is
highly dependent on the receptor’s conformational integrity, strategies for stabilizing ACE2,
such as generating stable constrained derivatives or using ACE2-based molecules with
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increased binding affinity compared to native ACE2, are among the most common ways to
construct nanomaterial-based biosensors that detect SARS-CoV-2. These biosensors, which
consist of functionalized nanoparticles, nanofilms, or electrodes,3?49 have been applied to
POC devices that detect S protein by techniques ranging from basic colorimetric assays to
more complex and more sensitive electrochemical methods, e.g., electrochemical impedance
spectroscopy and square-wave voltammetry.

The N protein is strongly immunogenic, and its sequence is highly conserved. These
features allow its use as a diagnostic biomarker for screening for SARS-CoV-2 using
nanomaterial-based biosensors.3%:50 Nucleocapsid antibodies, similarly to the binding of the
ACE?2 receptor to protein S, have been widely used for highly specific POC devices. Like
ACE?2 and its variants, the nucleocapsid antibody is usually anchored onto the nanomaterial
surface via chemical modification. Activation of the responsive surface makes it possible to
accurately detect very small amounts of virus, corresponding to a limit of detection (LOD)
of ~ fg mL™1.39

Antibodies such as immunoglobulins G (IgG) and M (IgM) have been widely used

for a large variety of COVID-19 tests. However, immunoglobulins often do not appear
immediately in the patient’s blood, and early infections can be misdiagnosed. More sensitive
POC devices for 1gG and IgM detection are commonly manufactured with complementary
SARS-CoV-2 antigens and antihuman immunoglobulins functionalized onto nanoparticles
and used in colorimetric assays. For instance, a lateral flow immunoassay (LFIA) was
developed by using antigen-decorated gold nanoparticles (AuNPs) that detected IgM and
IgG antibodies against SARS-CoV-2 with a clinical detection sensitivity of 88.66% and a
specificity of 90.63%.32 The diagnostic device was made by immobilizing antihuman-lgM
and antihuman-1gG on nitrocellulose membrane-based test strips, which captured AuNP-S
protein-lgM and AuNP-S protein-IgG conjugates from the flowing blood sample. Detection
of SARS-CoV-2 with this device took 15 min.

2.2. Nucleic Acid Biomarkers.

Nucleic acid testing is the basis of RT-PCR diagnostic methods, which are performed in
well-equipped and relatively automated clinical settings.>> For POC applications, several
approaches have been developed to translate PCR-based diagnostic methods to more suitable
biosensor technologies to enable decentralized and frequent COVID-19 diagnostics. The
detection of SARS-CoV-2 RNA requires specific and highly sensitive assays, such as LFIA,
colorimetric, and multifunctional assays, which are mainly associated with amplification
techniques, such as isothermal amplification. Microfluidic systems have many applications
in molecular diagnostics, with an increasing number of solutions relying on microfluidic-
related platforms with nucleic acid amplification stages and testing.%2:53

Alternative strategies for viral detection include SARS-CoV-2 RNA-based nanomaterials,
which have been used as biosensor-coating elements that combine a plasmonic photothermal
(PPT) effect and a localized surface plasmon resonance (LSPR) effect.26 The biosensor

was designed such that a thermally dewetted gold nanofilm self-assembles onto a BK7

glass surface. Two-dimensional gold nanoisland (AuNI) chips were incorporated and then
functionalized with the complementary DNA receptors, leading to nucleic acid hybridization
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and resulting in the sensitive detection of SARS-CoV-2. To enhance the sensing properties,
the laser beam was positioned such that the plasmonic resonances of PPT and LSPR were
excited at two different wavelengths. This /n situ PPT enhancement, by improving the
hybridization kinetics, improved the specific nucleic acid detection; in fact, gene sequences
in the pmol L™1 concentration range could be accurately discriminated.28

One challenge in using nucleic acid biomarkers is their degradation during the storage and
transport of samples or swabs. RNA, unlike DNA, is easily degraded. As a result, the sample
storage, handling, and RNA isolation stages must be optimized to minimize RNA loss owing
to degradation at each step.>* Another important point is that viruses continually mutate,
necessitating protocol adaptations of diagnostic methods. Recent studies on the primers and
probes used for RT-PCR revealed that certain genetic mutations hampered the sensitivity

of the reverse primer for RNA-dependent RNA polymerase (RdRp) and the forward primer
targeting the N gene.>1:55:56 Sensitivity can be maximized by utilizing conserved regions

of the nucleic acids wherever feasible. The accurate tracking of primer and probe changes
may make it easier to develop tests as well as to redesign and adjust existing ones. The
development of platforms that are adaptable and that can target multiple biomarkers of the
virus should be prioritized.>!

Recent advances have been made in the detection of SARS-CoV-2 through nucleic

acid sensing. For example, CRISPR-Cas-based diagnostics have emerged as robust next-
generation platforms. Combining CRISPR with isothermal techniques and a lateral flow
readout, CRISPR-based diagnostic systems can match the accuracy of RT-qPCR and the
speed of currently available lateral flow rapid tests, while overcoming the limitations of both
platforms.>” Additionally, interferon-stimulated genes (ISG)-based COVID-19 diagnostics
have been developed to achieve higher sensitivity and specificity compared to RT-gPCR.
This technique is less likely to produce false negatives, is flexible regarding the type of
sample (e.g., compatible with saliva, blood, and respiratory specimens), and can detect the
virus at lower concentrations.>8

3. BIOFLUIDS: PROS AND CONS

OP/NP biofluid samples have been largely used for the detection of COVID-19, mainly for
RT-PCR as the gold standard diagnostic protocol. Nevertheless, the large-scale, repetitive
monitoring of viral loads by collecting OP/NP biofluid samples is not effective for
tracking infection levels in populations.>® Healthcare staff involved in the collection of
OP/NP specimens risk accidental transmission because of contact with infected patients
during specimen collection and the likelihood of exposure to virus particles transmitted by
sneezing, coughing, or gag reflex. Furthermore, the collection of specimens may be painful
for patients or result in bleeding, especially for those with thrombocytopenia.>%-61 The

use of OP/NP swabs by patients themselves may lead to misdiagnosis,?8 and so biofluid
collection would ideally be restricted to trained operators. Other biofluids, such as sputum,
transtracheal aspirates, or bronchoalveolar lavage fluid samples, are commonly assessed in
clinical practice for respiratory disease monitoring; however, these samples are unsuitable
for SARS-CoV-2 diagnostic evaluation because sample collection is invasive and very low
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viral titers are collected from asymptomatic subjects.81:62 In general, viral shedding in throat
swabs and sputum samples is at a maximum 5 to 6 days after symptoms begin.2

Blood sample analyses are of limited use for SARS-CoV-2 detection because sample
collection is invasive, sample manipulation is laborious (samples are also processed for

use as serum or plasma), and storage and pretreatment are required before diagnostic tests
can be performed. Thus, for COVID-19-related tests, blood samples have been used mainly
to test for antibodies to SARS-CoV-2, i.e., serological testing, which is usually performed
after full recovery from COVID-19. Antibody tests involve evaluating antibody levels using
enzyme-linked immunosorbent assays (ELISASs) and LFIA technologies.®3

Saliva is a convenient biofluid for less invasive diagnosis and presents several advantages in
terms of sample collection (e.g., samples can be taken repeatedly), manipulation, processing,
safety, longitudinal monitoring, application to large populations, and transportation.>®
Saliva, unlike blood, does not coagulate and remains stable for 24 h at room temperature and
up to 1 week at 4 °C, so sampling can be done at home or at the POC. Saliva specimens

can be obtained by asking patients to spit into a sterile collection tube, a procedure that is
neither invasive nor painful.81 Furthermore, such sampling procedures minimize the chance
of exposing healthcare workers to infected samples at hotspot test points. Additionally, a
recent study demonstrates that the mean SARS-CoV-2 titers (virus copies mL™1) can be as
much as five times higher in saliva compared with nasopharyngeal swabs,54 highlighting the
practicality of saliva for high-frequency diagnosis. However, it is important to establish a
protocol to collect saliva prior to the ingestion of liquids and foods to avoid dilution and
biofluid contamination.

4. ELECTROCHEMICAL METHODS

Electrochemical methods have emerged as pivotal tools for biosensing applications,

offering exceptional sensitivity and selectivity, mainly associated with nanomaterials

and biological receptors. Leveraging the interactions between biological molecules and
functionalized conductive surfaces, these methods enable the conversion of biochemical
events to measurable electrical signals. The principles underlying electrochemical
biosensors encompass a diverse array of techniques including amperometry, potentiometry,
voltammetry, and impedance spectroscopy. With the ability to provide rapid, label-free, and
real-time monitoring, electrochemical biosensing enables innovative solutions to some of the
most pressing challenges in health, i.e., cost-effective and decentralized diagnostics.

4.1. Nanomaterials for Electrochemical Sensing Platforms.

Nanomaterials have been applied to SARS-CoV-2 electrochemical sensing schemes to
efficiently transduce the signal generated upon the selective biorecognition of SARS-
CoV-2 biomarkers. Nanostructured materials overcome some of the limitations of
electrochemical sensing by enhancing the signal-to-noise ratio. Nanomaterials may improve
the electrochemical performance in part because they have large specific surface areas and
high charge carrier mobility.
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Nanostructures may also impart antifouling properties to the electrode, improving
performance in complex biological media.®® Gold nanostructures may be formed

via bottom-up or top-down synthesis for improved electrochemical performance. Zero-
dimension (0D) AuNPs may be used to create additive nanostructures on the electrode
surface. AUNPs may be deposited onto relatively inert conductive materials to provide

a chemically reactive surface for functionalization via Au-thiol binding. For example,
ACE2-coated AuNPs were anchored onto inexpensive graphite electrodes to develop a
Low-cost Electrochemical Advanced Diagnostic (LEAD) for robust SARS-CoV-2 sensing.2®
In contrast, spongelike nanoporous gold is fabricated subtractively by etching gold—metal
alloys. By alteration of the fabrication parameters, tunable porosity and behavior may be
achieved. Beyond increasing the electroactive surface area, it has also been found that
nanopore structures alter surface charge screening, limiting the Debye effect and enhancing
electron transfer at small pore sizes.%6 High-throughput laser interference lithography was
used by Yoon et al. to fabricate nanoporous gold electrode arrays for their SARS-CoV-2
nucleic acid sensor.5”

Carbon-based nanomaterials are an inexpensive alternative to noble metals and have
valuable physicochemical properties for biosensing. Carbon allotropes exhibit distinct
properties at each level: 1D, carbon nanotubes; 2D, graphene; and 3D, graphite. As a

2D nanomaterial, graphene demonstrates exceptional conductivity with a high surface-to-
volume ratio. Graphene is a highly scalable nanomaterial synthesized by chemical vapor
deposition, including CO laser engraving.3!

Graphene may be functionalized through covalent interactions at planar edges and

defects, which at high quantities may adversely impact conductivity. Instead, graphene
functionalization relies on 7—r stacking and van der Waals interactions, with polymer
deposition introducing desired functional groups for covalent biomolecule immobilization.%8
Graphene remains one of the most common nanomaterials used in electrochemical

sensing. Given its low cost, high performance, and mass-manufacturability, graphene is an
advantageous nanomaterial for SARS-CoV-2 biosensor design. One example of its use is the
field-effect transistor (FET)-based device to detect SARS-CoV-2 in human nasopharyngeal
swabs.59 This device was developed by transferring graphene onto a SiO,/Si substrate by the
wet-transfer method. Subsequently, the graphene surface was coated with a specific antibody
for the S protein, resulting in the highly sensitive detection of SARS-CoV-2 (from 1 to 100
fg mL™1).

MXenes are 2D nanomaterials composed of transition-metal elements (M 1) incorporated
into carbon or nitrogen elements (X ). MXenes are typically produced via chemical etching
of a silicon- or aluminum-based precursor, resulting in the formation of various chemically
reactive terminal groups (e.g., oxygen, hydroxyl, or fluorine). MXene is an attractive
nanomaterial as it has high conductivity and forms stable covalent bonds via reactive
surface functional groups. Given these properties, MXene may improve signal-to-noise
ratios in comparison to graphene. MXenes, however, are typically made up of small flakes
(approximately 3 zm laterally), resulting in increased discontinuities. Li et al.”® improved
the continuity of the structure by using a thin film composite of graphene and MXene,
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producing a high-performance electrochemical transduction material within the transistor
they designed.

4.2. Point-of-Care Electrochemical Sensing Platforms.

Electrochemical signal transduction is a rapid and highly quantitative method that can be
incorporated into COVID-19 diagnostic platforms. SARS-CoV-2 is primarily transmitted
via respiratory droplets and aerosols; therefore, monitoring the virus in exhaled breath
would be valuable for assessing infection rates and preventing transmission. Breath analysis,
specifically the detection of volatile organic compounds (VOCs), is a quick, convenient,

and portable way to detect SARS-CoV-2. As infection with this virus alters some metabolic
pathways, a portable breathalyzer was developed for COVID-19 screening that detects the
volatile biomarker nitric oxide.”? In this device, a room-temperature ionic liquid was used
to modify the electrode surface, allowing fast and selective diffusion of NO to the sensor
surface for chronoamperometric detection. An important feature of breathalyzers is that
sensing may be expanded to detect a breath “signature” using a panel of VOCs rather than

a single type of molecule. For example, a VOC sensing array was fabricated with eight
chemiresistors made of gold nanoparticles modified with diverse organic ligands drop-casted
onto circular interdigitated platinum electrodes.”2 Changes in the electrical resistance with
respect to the baseline represented features in the breath signal as a function of time.
Discriminant analysis could then be used to distinguish the breath signature of COVID-19-
infected individuals from that of either healthy controls or those with other lung infections
with 76% and 95% accuracy in the test sets, respectively, suggesting the utility of the VOC
sensing array as a portable screening tool.

Bioreceptor—ligand binding is transduced to an electrochemical signal often through: (1)

a redox reaction facilitated by an enzyme, (2) changes in the presence of a redox tag

or indicator at the surface of the electrode, or (3) inherent impedance changes detected

in a transistor setup. Nanomaterials are used, as described previously, for the efficient
transfer of electrons. Charge transfer may be measured as changes in electrical current
using electrochemical sensing techniques, such as chronoamperometry and voltammetry.
Redox reactions may be driven by applying a potential close to the indicator’s standard
potential using cyclic voltammetry (CV), square wave voltammetry (SWV), differential
pulse voltammetry (DPV), or other techniques. These techniques are all compatible with
portable potentiostat designs: signal transduction to an electrical readout allows for simple
onboard integration, data processing, and data transfer using wireless Bluetooth modules
for immediate diagnostic interpretation and reporting. Additionally, advances in low-power
integrated microsystems allow these diagnostic systems to be miniaturized so that they are
highly portable and can be used for POC, screening, and telemedicine applications. In this
section, several electrochemical sensing platforms for portable POC SARS-CoV-2 detection
are described.

4.2.1. Enzyme-Based Signal Transduction.—Enzyme-facilitated redox reactions
can be used for robust signal transduction; the presence of an excess of the chemical
mediator allows for built-in signal amplification. Electrochemical signals are sensed via
the chronoamperometric detection of the conjugated horseradish peroxidase (HRP) activity

ACS Nano. Author manuscript; available in PMC 2024 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Araujo et al.

Page 11

of the detector antibody. As an example, a multiplexed electrochemical immunosensing
platform, SARS-CoV-2 RapidPlex, offers a low-cost, rapid way to simultaneously detect
several SARS-CoV-2 biomarkers (Figure 1B).31 In SARS-CoV-2 RapidPlex, four laser-
engraved graphene electrodes coated with 1-pyrenebutyric acid were individually decorated
with capture antibodies and proteins for the selective detection of the SARS-CoV-2 N
protein, antiprotein S 1gG and IgM antibodies, and C-reactive protein. SARS-CoV-2
RapidPlex was able to quantitatively assess the infection status, immune response, and
severity of the infection in less than 10 min from the addition of serum or saliva.

One drawback to immunosensing schemes is the requirement for multistep reagent addition,
but this can be addressed by using microfluidic solutions. For example, a capillary-flow
immunoassay was designed to automate the sequential delivery of reagents.” In this assay,
a microfluidic circuit was created by using stacked layers of hydrophilic polyester and
double-sided adhesive films. This circuit directed fluid flow from inlets and preloaded
reagent pads to a nitrocellulose membrane sensing region. A screen-printed carbon electrode
(SPCE), positioned parallel to the nitrocellulose membrane, measured the HRP oxidation of
3,3’,5,5 -tetramethylbenzidine (TMB) for the detection of 1gG antibodies selective for the
SARS-CoV-2 N protein.

Commercial off-the-shelf glucose meters offer a well-established and portable enzymatic
signal transduction method that can be cleverly utilized for the indirect detection and signal
amplification of SARS-CoV-2 viral products. An off-the-shelf glucose meter facilitated
signal transduction and amplification for picomolar-level detection of SARS-CoV-2 viral
antigen in saliva (Figure 1C).”* Upon viral antigen aptamer binding, the complementary
antisense strand of the aptamer, conjugated with invertase, was released from the aptamer
strand and isolated via magnetic separation. The antigen-binding signal was amplified via
the conversion of sucrose to glucose by invertase for glucometer detection. Another RNA
sensor was developed using a synthetic biology-based approach, specifically, a toehold
switch gene circuit with a downstream trehalase reporter enzyme that ultimately produces
glucose, which correlates with viral RNA binding (Figure 1D).”® To eliminate the problem
of the background signal associated with endogenous glucose in patient samples, three
methods were explored: nucleic acid purification, sample dilution, and programmable
glucose reduction using glucose dehydrogenase coupled with NAD. The RNA biosensor
selectively detected as few as 100 copies of SARS-CoV-2 RNA. Thus, a compact, portable
viral RNA measurement system was developed by utilizing the simple transduction method
of a glucose meter.

4.2.2. Redox Indicators.—Electroanalytical methods may be used to drive and measure
the electron transfer in a redox reaction. Voltammetric techniques can selectively measure
redox agents according to their redox peak intensity and location. CV was used to detect
SARS-CoV-2 RNA and single point mutations via metal-ion intercalation (Figure 2A).67
Mg2* and Ag* ions were intercalated at site-specific mismatches between target RNA and
SARS-CoV-2 sensing probes immobilized on a nanoporous Au electrode array, resulting

in the ultrasensitive multiplexed quantification of SARS-CoV-2 RNA mutations without
requiring conventional tagging or amplification processes. DPV and SWV enhance the
detection of charge transfer reactions by isolating the Faradaic current from the charging

ACS Nano. Author manuscript; available in PMC 2024 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Araujo et al.

Page 12

current at an applied poteproduces glucose, which correlates with viral RNA bindingntial
pulse. In the presence of a redox indicator such as [Fe(CN)g]374~, DPV and SWV can
sensitively evaluate changes in charge transfer at the sensing surface in the event of

the analyte binding to the electrode. Immunoassay and receptor-ligand binding signal
transduction may be simplified this way for the label-free detection of SARS-CoV-2
antigen’ and antibodies.3#7” Combining sample collection and antibody detection steps,
a cotton-tipped immunosensor swab was designed with a competitive binding scheme on
a carbon nanofiber-modified screen-printed electrode (SPE).”” Nucleic acid binding may
be assessed via DPV, but detection often requires amplification. In one study, prior to
DPV detection, target SARS-CoV-2 genes were amplified in a portable on-body patch
using isothermal recombinase polymerase.”® Molecularly imprinted polymer (MIP)-based
sensors are also being evaluated by using pulse voltammetry to measure target binding to
“imprinted” target cavities in the polymer-coated sensor surface. MIPs have been designed
for the rapid detection of the SARS-CoV-2 N0 and S protein’® in nasopharyngeal swab
samples (Figure 2B).

A disposable paper-based biosensor integrated with a smartphone-assisted Sensit Smart
potentiostat for COVID-19 diagnosis was reported by Lomae and coauthors.8® The working
electrode was modified with a pyrrolidinyl peptide nucleic acid (acpcPNA), a biological
recognition element to capture the target complementary DNA (cDNA) (in this case, the
SARS-CoV-2 N gene). Hybridization of the cDNA with acpcPNA hindered the redox
conversion of [Fe(CN)g]3~/4~ redox probe, leading to a decrease in amperometric response
correlated with SARS-CoV-2 concentration. The method presented a linear response
ranging from 0.1 to 200 nmol L1 and was applied to 10 clinical samples. Rocha and
coauthors8? used low-cost and eco-friendly materials such as polyester sheets, graphite,

and natural resin to create stencil-printed sensors. The nanobiosensor developed comprises
gold nanoparticles stabilized with cysteamine, glutaraldehyde, anti-SARS-CoV-2 S protein
monoclonal antibody as the biological receptor, and bovine serum albumin as the protective
layer. The diagnostic test was carried out using a SWV measurement of [Fe(CN)g]3~4 after
sample incubation. The method presented a linear response in the concentration range from
250 pg mL~1 to 20 zg mL™1 of S protein, with a limit of detection of 36.3 pg mL™1. The
rapid test was applied with 100% accuracy to a panel of 44 undiluted swab samples.

DPV and SWV may also be used to evaluate the charge transfer rates of an incorporated
redox moiety, such as methylene blue (MB). The charge transfer rate varies with the distance
of the redox moiety from the electrode surface, and charge transfer becomes a diffusion-
limited process when measurements are performed at a low frequency. A binding-induced
conformational change in the MB-labeled nucleic acid aptamer probe elicits a measurable
change in the SWV peak current. A high-affinity aptamer-based sensor detected the SARS-
CoV-2 S protein at the picomolar level 82 In contrast to a binding-induced conformation
change, SWV can also measure the change in the resonant motion of a redox-tagged probe
that occurs in response to the binding.83 Peptide probes specific to SARS-CoV-2 protease,
protein S, and chemokine receptor 5 (CCR5) were used to detect SARS-CoV-2 and measure
symptom severity.83 In another study, a molecular pendulum scheme was used to evaluate

a change in redox-tagged DNA free motion (Figure 2C).84 When a positive potential is
applied, negatively charged DNA is electrostatically attracted to the surface. An anti-S
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protein antibody is tethered to the linker DNA for the capture of S protein and SARS-CoV-2
viral particles, which upon binding elicit a size-dependent drag force.84 The molecular
pendulum thus senses bound SARS-CoV-2 viral particles by tracking changes in the transit
time of the redox probe to the electrode surface.

4.2.3. Functionalized Transistors.—Functionalized transistors offer an ultrasensitive,
label-free method for electrochemical sensing. Transistor-based sensors can provide
miniaturized biosensing, requiring minimal sample volumes and eliciting a large change in
current upon small parameter changes. Antibody-decorated FETS for the detection of SARS-
CoV-2 S respond immediately upon antigen binding and subsequent changes in charge
distribution.®9.70 Both graphene® and MXene-graphene’® FET immunosensors achieved
LODs of 1 fg mL™1 (Figure 3A,B). FET immunosensors were multiplexed for the selective
detection of HIN1 influenza and SARS-CoV-2 viruses using distinct microfluidic sensing
reservoirs.’9 Another device was designed to address the problem of reduced sensitivity

of microscale transducers in complex biofluids, which is caused by interference from
nonspecific biomolecules. To address this issue, a graphene FET was built, consisting of a
molecular electromechanical system (MolEMS) composed of a complementary probe linked
to a flexible ss-DNA with a stiff tetrahedral ds-DNA base; this device directly detected
SARS-CoV-2 RNA in nasopharyngeal samples (Figure 3C).8° The tetrahedral base acts as a
spacer that limits the interference of background noise beyond the Debye length while still
allowing the bound probe to bend close to the graphene surface. Wang et al. demonstrated
the use of selective aptamer probes to sense additional proteins, small molecules, and trace
metals.85

Organic electrochemical transistors (OECTSs) have also been used to transduce and amplify
biological binding events in complex biofluids.86:87 A POC OECT platform achieved a LOD
for SARS-CoV-2 1gG of 10 fmol L™1 in saliva and serum samples.8¢ Applying voltage
pulses on gate electrodes during IgG incubation enhanced ligand binding and reduced the
required incubation time to less than 5 min. OECT detection of SARS-CoV-2 antigen was
enhanced down to single molecule sensitivity by using (1) p(g0T2-g6T2) as a polymer
instead of the commonly used conductive polymer, poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS), and (2) nanobodies for high-density, well-oriented
functionalization (Figure 3D).87

5. OPTICAL METHODS

Optical methods being extensively explored for the development of diagnostic assays
include spectrophotometric analysis, Raman spectroscopy, surface-enhanced Raman
spectroscopy (SERS), surface plasmon resonance (SPR), and other techniques.26:88-91
However, few of these methods provide adequate portability, reduced analysis cost, or
rapid results, which are required for decentralized and high-frequency testing. Thus, in this
review, we focus mainly on the use of colorimetric and fluorescent biosensing approaches
for the diagnosis of COVID-19. The use of nanomaterials coupled with paper-based
analytical devices and other convenient platforms will be presented with an emphasis on
the use of traditional lateral flow technology (antigen and antibody immunoassays) and
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innovative biosensing methods. Particular attention is paid to diagnostic methods that meet
the ASSURED criteria.

5.1. Nanomaterials for Optical-Sensing Platforms.

As a zero-dimensional nanomaterial, AUNPs constitute the labeling system most widely
used for lateral flow tests. Colloidal suspensions of metallic nanoparticles are widely used
for colorimetric approaches in solution because they exhibit localized surface plasmon
resonance (LSPR). LSPR induces the nanoparticles, in the presence of the target analyte,
to aggregate, causing a color change in the solution that is visible to the naked eye.92:93

A challenge for the use of AUNPs and other metallic nanoparticles in colorimetric tests

is that they tend to aggregate in environments having high ionic strength or containing
impurities. Controlling this aggregation requires a balance of the interparticle attractive and
repulsive forces with the use of adequate functional or stabilizing agents.®3 To provide
selective recognition and accurate diagnosis, metallic nanoparticles can be functionalized
with specific recognizing elements or receptors for the target biomolecule. For example,
biorecognition elements with terminal thiol groups can be conjugated to AuNPs, via
adsorption processes or gold-thiol surface chemistry, to improve stability and recognition.%

Other metallic nanoparticles, such as silver (AgNP) and copper (CuNP), have also been
used for colorimetric (bio)sensors. Color changes observed with these sensors are associated
with the dispersion-aggregation state of the nanoparticles in colloidal solution and lateral
flow assay (LFA) technology. However, these nanoparticles are less stable than AuNPs,

and their instability impedes synthesis and storage.?®> Metal oxide nanoparticles, such as
Fe304 and CeO», and carbon nanotubes catalyze the reaction of a peroxidase substrate or
have intrinsic peroxidase activity. These classes of nanomaterials are also being used in
colorimetric approaches.%

Light-emitting materials (fluorophores) are being used in fluorescence-based optical
biosensors, such as LFA, for quantitative or semiquantitative detection. Alternatives to
AuUNPs include inorganic semiconductor quantum dots (QDs), carbon dots (CDs), graphene
nanostructures, organic conjugated polymer nanoparticles, fluorescent microspheres,

and lanthanide nanoparticles.?3:94.96 QDs (colloidal semi-conductor nanocrystals) have
unique optical and electronic properties and are only 1-10 nm in size. The emission
wavelengths of QDs can be tuned from ultraviolet (UV) to near-infrared (NIR) by

taking advantage of the quantum confinement effects. QDs have several qualities that
represent improvements over small-molecule organic dyes, including better quantum yield,
Stokes shift, emission wavelength tunability, photostability, and absorption and emission
profiles.?3:97 The excellent optical characteristics of lanthanide-doped nanoparticles include
a long luminescence lifetime, upconversion luminescence in the NIR to the visible range,
and sharp emission peaks. These characteristics make it possible to achieve a high signal-
to-noise ratio, which is useful for the development of sensitive and selective fluorescent
diagnostic tests.%

In general, the optical properties and stability of these nanomaterials are largely impacted
by their size, defects, and functionalization. Although several synthesis and functionalization
protocols have been reported in the literature, an important consideration is the scale at
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which the nanomaterials can be produced. Large-scale production (or mass production) of
these nanomaterials for rapid tests or assays may affect their reproducibility, uniformity,
or stability. Therefore, careful characterization of nanomaterial functionalization and
bioconjugation with receptors is crucial for the development of reproducible, robust, and
accurate diagnostic tests.

5.2. Lateral Flow Assays (LFAs) and ELISA-Based Methods.

LFAs are widely used to detect pathogens and various biomarkers. The pregnancy test is

a familiar example of an LFA technology?3 that is commercially available in the form of

a paper-based diagnostic device. LFA devices can be divided into nucleic acid lateral flow
assays, which detect amplicons generated during amplification methods such as PCR, and
LFIAs that use antibodies as recognition elements.% LFIAs have been applied for the rapid
screening of SARS-CoV-2 infection. Typically, LFIAs have labeled antibodies that bind to
a biomolecule and emit a colorimetric or fluorescent readout.9%:190 | FIAs are cost-efficient,
portable, and simple to use and give rapid results, qualities that are not all found in other
conventional detection methods, such as ELISA or polymerase chain reaction (PCR). LFIAs
use the same design principle as ELISA, consisting of an immobilized capture antibody or
antigen that is bound to a solid-phase nitrocellulose (NC) membrane rather than a plastic
well. 13201 ynlike multiple-step ELISA, LFIAs are one-step assays. Biofluid is introduced
into the LFIA such that capillary action causes the sample to flow through a paper substrate
up to the testing line, where the immobilized bioreceptor provides target recognition and
reports its presence.

Whereas a drop of blood is usually required for antibody tests, antigen tests more commonly
make use of saliva or OP/NP samples. Antigen tests provide an early identification of
infected individuals and may be useful for the early detection of viruses in asymptomatic
individuals. Antigens are less likely than RNA to degrade during transport and storage,
because they are more stable. During the second and third weeks following the initial
infection with SARS-CoV-2, antibody levels typically rise, so antibody testing is not
effective for the prompt diagnosis of COVID-19. However, levels of 1gG and IgM antibodies
may be helpful indicators for analyzing the progress of the disease post-illness or the
effectiveness of immunization.

In LFAs for viral antigens, when the sample solution is introduced into the sample pad,
particles functionalized with specific antibodies that identify the viral membrane proteins
bind to the virus. The particles are AUNPs, AgNPs, or microparticles (latex beads). The
nanoparticle-virus complexes are then captured by secondary antibodies that bind to SARS-
CoV-2; these secondary antibodies have been immaobilized on the test line, causing changes
in color (positive test result; Figure 4A).9°

The concentration of SARS-CoV-2 virions is often extremely low in specimens and difficult
to detect directly using lateral flow technology. As a result, LFAs have been combined with
nucleic acid amplification methods such as RT-PCR and isothermal amplification to enhance
their sensitivity, or used as a readout of clustered regularly interspaced short palindromic
repeats (CRISPR).102103 Amplification approaches can be combined with LFIA by using
functionalized primers to generate dual hapten-labeled amplicons that bind both to the test
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strip and a control strip.104 While these methods are often highly sensitive, the potential

for nonspecific amplification may result in false-positives. Other approaches reported for
nucleic acid detection in LFA involve amplification through methods such as displacement
amplification or rolling circle amplification.194105 Combining LFAs with amplification
techniques is likely to simplify and improve traditional assays because amplified nucleic
acids would enhance the sensitivity of LFAs so that diagnostic results could be directly
visualized.190 However, the development of POC nucleic acid detection devices has been
slowed down by the need to prepare high-purity templates for sample treatment and to select
amplification reactions that ensure sufficient accumulation of target amplicons.

LFAs have been extensively developed and commercialized for the detection of COVID-19
antibodies and antigens. Table 2 summarizes some contributions regarding the LFAs and
other optical-based strategies for COVID-19 testing. LFAs provide a short testing time
(typically 10-20 min) but are not highly sensitive, which can lead to false negative

results. Recent studies have focused on enhancing the sensitivity of these devices since
poor sensitivity is their primary drawback.100 Nanomaterials, functionalization strategies,
amplification approaches, and capturing agents are the most promising parameters to
enhance the colorimetric or fluorescent readout of these tests.?* For further information
and relevant discussion about LFAs focused on COVID-19 diagnosis, the readers can check
these important review articles,100.104,106,107

Antibodies, antigens, proteins, and glycoproteins in biological samples are commonly
measured by ELISA, an immunological assay. ELISA has been applied to evaluate the
levels of anti-SARS-CoV-2 antibodies. However, conventional ELISA is labor-intensive
and time-consuming, and immuno-binding usually takes hours, limiting the potential
application of ELISA for POC testing.1%8 As a consequence, some miniaturized high-
throughput ELISASs have recently been developed. Gong et al.109 described a microfluidic
platform that isolates and collects serum samples from whole blood by a pulling-force
spinning top and then uses a paper-based microfluidic ELISA for quantitative IgA/IgM/1gG
measurements. This approach, which does not require any sophisticated instruments, seems
promising for POC applications because it is simple and inexpensive and because its
consumption of reagents is ten times lower than conventional ELISA. Liu et al.1%8 proposed
a strategy for regulating pressure for controllable lab-on-a-chip reciprocating-flowing (RF)
immunobinding. This system enabled the antibodies in the fluid to repeatedly contact the
corresponding immobilized antigens on the substrate during continuous repeated forward
and backward flow, achieving adequate immunobinding within 60 s. RF-immunobinding
was combined with ELISA as an RF-ELISA for the serological detection of anti-SARS-
CoV-2 nucleoprotein, with a testing time of around five min for each assay, enabling
efficient result turnaround for frequent testing.

5.3. RT-LAMP-Based Methods.

Loop-mediated isothermal amplification (LAMP) is a DNA amplification method used for

the rapid and sensitive detection of a gene of interest.110.111 | AMP combined with reverse

transcription (reverse transcription loop-mediated isothermal amplification; RT-LAMP) has
been used to detect respiratory RNA viruses including SARS-CoV-2. Given its high
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specificity, sensitivity, cost-effectiveness, and fast turnaround time (typically 30 min), RT-
LAMP offers a powerful alternative to RT-PCR. The detection of viral RNA by RT-LAMP
is potentially simple, scalable, and broadly applicable. RT-LAMP assays require incubation
at a constant temperature but, unlike RT-PCR-based methods, do not require sophisticated
instruments.111.112 A portable paper-based microfluidic method has been described that
extracts SARS-CoV-2 RNA, amplifies it isothermally by RT-LAMP, and detects it with
intercalating dyes or fluorescent probes (Figure 4B). This method presented a LOD similar
to that of RT-PCR (1 genome copy per microliter of the clinical sample). For POC
applications, the authors created a portable, inexpensive device (US $2-4) to accommodate
the foldable paper-based system and integrate the analytic steps.}13 Another isothermal
RT-LAMP nucleic acid—based detection of SARS-CoV-2 was described by Ganguli et
al.,114 consisting of a portable POC device that detects SARS-CoV-2 nucleic acid from
viral transport medium (VTM) samples using an additively manufactured three-dimensional
cartridge and a smartphone as detector. This device discriminated positive SARS-CoV-2
samples among the 10 clinical samples tested in 30 min.

5.4. Hyperspectral Imaging.

Hyperspectral imaging (HSI) is a noninvasive imaging technique used for disease diagnosis.
Also termed imaging spectroscopy, HSI has the ability to acquire multiple wavelengths
across a continuous spectrum of light. Hence, in contrast to conventional RGB images

with three distinct intensities per pixel, each pixel’s value in HSI represents a continuous
spectrum. Analyzing the data captured by the HSI system, one can visualize it as a
hypercube by examining a spectrum of light rather than assigning primary colors.1> The
degree of contrast in hyperspectral imaging is directly associated with the maximum analyte
concentration.115 For example, Alafeef and coauthors!16 described a hyperspectral sensor
based on hafhium nanoparticles (HfNPs) for ultrasensitive detection of SARS-CoV-2. The
authors applied the method to 100 COVID-19 clinical samples with a 100% specificity.
Density functional theoretical calculations have shown that HfNPs exhibit greater shifts in
their absorption wavelength and light scattering when they bind to the target SARS-CoV-2
RNA sequence compared to gold nanoparticles.11® This property contributes to achieving a
detection limit as low as the yoctomolar levels (10724 mol L™1).

It is worth noting that despite the promise of the HSI method for COVID-19 diagnosis, it
still presents significant drawbacks for POC applications, primarily its cost and complexity
despite the possibility of using smartphones for practical applications. Currently, to
effectively analyze hyperspectral data for frequent, decentralized testing applications, high-
performance computing, sensitive detectors, and substantial data storage capacities and
advances are still necessary.

5.5. Other Colorimetric and Fluorescent Biosensors.

Biosensors that incorporate colorimetric nanomaterial-based bioassays do not require a
sophisticated apparatus for their operation or the interpretation of results; furthermore,
these sensors have an easy-to-read visual output.24 The outstanding optical properties
of biosensors based on functional metal nanoparticles make them appropriate for rapid
colorimetric diagnostic tests for POC applications.117.118 A a result of localized SPR
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coupling among nanoparticles (i.e., AuNPs), the color of the colloidal suspension changes
from red to blue in the presence of the target analyte.11® Interactions between the target
species and the receptor immobilized on the nanoparticle surface induce AuNP aggregation.

Moitra et al.24 reported a colorimetric assay that involved capping AuNPs with thiol-
modified antisense oligonucleotides (ASOs) specific for the N-gene of SARS-CoV-2. In the
presence of their target RNA sequence, the functionalized AuNPs agglomerate selectively,
and a change occurs in their SPR, so that within ten min, positive COVID-19 samples can
be identified from isolated RNA samples by the naked eye. Taking a similar approach,
Ventura et al.118 described a colorimetric biosensor in which AuNPs were functionalized
with antibodies targeting the spike, envelope, and membrane proteins of SARS-CoV-2.
The interaction of the viral particles with a colloidal solution of the functionalized AuNPs
produced a color change in a few minutes. The authors used optical density measurements
to detect viral particles in nasal and throat swabs. For high viral loads (Ct < 15), the color
change from red to purple could be seen by the naked eye.

Another interesting approach, reported by Ferreira et al.,30 was the development of a
colorimetric biosensor fabricated on cotton swabs using AuNPs modified with ACE2. This
biosensor costs $0.15 to produce and was able to detect SARS-CoV-2 within 5 min using

a smartphone camera as a detector (Figure 4C). The cotton swabs were first functionalized
with the ACE2 receptor for the selective and rapid recognition of the SARS-CoV-2 S
protein, while the swab was incubated in the clinical sample. Then, the cotton swab to which
the SARS-CoV-2 S protein had bound was soaked in a dispersion of AuNPs functionalized
with ACE2 for 3 min. This step caused the nanoparticles to aggregate onto the swab
surface (positive COVID-19 test), which formed a molecular sandwich, visibly dyeing the
cotton surface. This cotton swab-based biosensor is a convenient and accessible method for
high-frequency tests since the color change is immediately visible.

Nguyen et al. designed a wearable face mask with a lyophilized CRISPR sensor for the
noninvasive colorimetric detection of SARS-CoV-2.119 The SARS-CoV-2 face mask sensor
detects the virus as it accumulates on the inside of the mask when the individual coughs,
talks, or breathes normally. Although this shelf-stable device has a long testing time (~90
min), it also has several distinct advantages: it does not require a power source; it operates
autonomously at near-ambient temperature; there are no liquids involved; and it provides

a visual output and weighs only 3 g. The LOD was reported to be 500 copies (17 aM) of
SARS-CoV-2 in vitrotranscribed RNA,120

LFAs, ELISA, and other approaches commonly use fluorescence detection. Numerous
fluorescent probes, including high-quality optical fibers and suitable optical instruments,

are sold commercially at a low cost. Fluorescence-based sensing has good sensitivity and is
noninvasive, and biocompatible imaging agents are readily available. These devices can be
used with smartphones as simple detectors and processors for POC tests.?3 For example,
Celiker et al.12! used a synthetic approach to produce a graft fluorescent copolymer
PPy-g-PCL conjugated to SARS-CoV-2 antibodies, yielding photoinduced step-growth
polymerization of pyrene (Py) and ring-opening polymerization of e-caprolactone (PCL).
After the fluorescent graft copolymer was functionalized with antibodies recognizing SARS-
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CoV-2, this platform was adapted with a paper-based (dot-blot) bioassay system, which was
tested using human nasopharyngeal samples. The sensitivity of the device was reported as
93.33%, and the testing time was 15-20 min.

An interesting biosensor for COVID-19 diagnosis was described by Zheng et al.,122 the
test consists of a nanometer-scale fluorescent biosensor that couples CdSe-ZnS quantum
dots (QDs) with peptides and the B-cell epitopes of SARS-CoV-2. This system identifies
the corresponding antibody with a limit of detection of 100 pmol L1, provides a rapid
response (5 min), and has high sensitivity for detecting COVID-19 antibodies (92.3 to
98.1%, depending on the peptides used). Lin et al.123 proposed a cholesteric liquid crystal
(CLC) biosensor for the one-step, wash-free, fast detection of SARS-CoV-2 with little
sample preprocessing. Immunocomplexes formed by target ligand binding to the antibody-
modified LC surface disturb the organized arrangement of the CLC molecules and shift
the CLC from a flat state to a focal cone state. Facilitated by alignment layers of N,
N-dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl chloride, this optical method allows
for SARS-CoV-2 S protein concentrations to be observed using the naked eye by apparent
textural changes of the CLCs. Accurate S-protein quantification was performed using a
microfiber spectrometer and image recognition software.123

In Table 2, we compare the performance of some colorimetric and fluorescent approaches
applied to COVID-19 diagnosis, highlighting analytical and clinical advantages, mainly in
terms of high-throughput analyses. Another important point is their cost, as a lower cost
facilitates more frequent testing in limited-resource countries.

6. TRANSLATING BIOSENSOR TECHNOLOGIES INTO COMMERCIAL
TESTS: CHALLENGES AND FUTURE DIRECTIONS

Well-established diagnostic technologies, such as RT-PCR and LFA, have been approved
for use in humans by regulatory agencies such as the FDA, and are being widely used

to diagnose infectious agents, including SARS-CoV-2. Despite their excellent detection
accuracy, PCR methods have limited scalability, which is crucial for widespread testing
and disease prevention. In addition, PCR tests require specialized personnel and equipment
as well as specific reagents that may not be readily available in many parts of the

world. This gap between testing requirements and the availability of these materials poses
a challenge to the effective deployment of PCR, particularly in low-resource settings.
Additionally, PCR experiments are time-consuming and often centralized, making them
less amenable for data collection and testing, extending the time needed to execute and
share diagnostic results.132:133 Conversely, LFA tests possess the portability, accessibility,
and cost-effectiveness required for high-frequency testing but usually lack the sensitivity
and selectivity of PCR that is needed to yield a reliable diagnosis. These limitations

of existing methods have led the research community to develop alternative technologies
displaying advantages over the established approaches. Biosensors are one such technology,
and biosensor prototypes that are capable of diagnosing COVID-19 and other infectious
agents at high throughput are emerging. Despite their promise, biosensor technologies have
still not been translated into the clinic. The most common barriers include their limited
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long-term stability, low test reproducibility, sensitivity, and selectivity issues, as well as the
need to resolve the complex regulatory hurdles intrinsic to deploying a diagnostic device in
different countries.132.134

These obstacles have so far prevented the commercial translation of biosensor-based tests.
Despite their promise, biosensor tests do not yet represent a substantial share of the total
number of diagnostic technologies being translated into the clinic. Among FDA-authorized
at-home over-the-counter (OTC) COVID-19 diagnostic tests for self-testing, most tests are
LFA biosensor technologies using different amplification strategies.13> The commercial
test prices usually range from US $5 to US $50 and the main bottlenecks to reducing

the biosensor costs are the high costs of natural bioreceptors, which can be reduced by
biological engineering production or the use of synthetic receptor mimetics; and the use

of expensive sensing platforms, which has been overcome with the use of inexpensive
substrates, such as paper-based platforms. Despite the plethora of emerging affordable
electrochemical biosensors for COVID-19 diagnosis, to the best of our knowledge, no
low-cost electrochemical diagnostic test has been approved for POC applications and is
commercially available on the market. As will be further discussed, issues regarding the
sensor stability and reproducibility should be solved and the biosensing signal still needs to
be improved.136

In addition to guidance from regulatory agencies such as the FDA, several steps are

still needed to advance biosensor technology: improving the analytical parameters of
existing prototypes (sensitivity, stability, reproducibility, and accuracy), improving clinical
parameters (test sensitivity and selectivity, as well as long-term stability), and assessing
biosensors in operational settings, i.e., beyond routine laboratory-scale optimizations and
testing. The stages involved in developing a diagnostic device are formally indicated by the
Technology Readiness Level (TRL), a scoring system that identifies critical stages in the
development of diagnostic devices. TRL increases from 1 (evaluation of device technology’s
fundamental principles) to 9 (a real system tested in an operative environment).%°

As the device progresses from TRL 1 to TRL 9, there are five main bottlenecks that may
be encountered; briefly: (i) the feasibility of the approach has not been demonstrated, e.g.,
there is insufficient information about sensitivity and selectivity for proof of concept because
such information can only be obtained by analyzing a wide range of clinical samples; (ii)
the proposed detection method is too slow, too cumbersome (multistep), or too costly (i.e.,
it requires expensive equipment) to be easily used at the point of need; (iii) the shelf life of
the device is short, or sophisticated storage conditions are needed, limiting its decentralized
use; (iv) regulatory approval has not been obtained from the appropriate regulatory agency
to ensure that the proposed diagnostic test has been assessed sufficiently for analytical and
clinical validity, as well as for safe and effective use by the final user; and (v) the proposed
fabrication and functionalization technologies are not scalable enough for market launch.%°

The stability and reliability of biosensors depend on the quality of the transducer
biofunctionalization and the storage conditions, which can either shorten or extend the shelf
life. The storage conditions of the bioreceptors are critical for maintaining their activity.
Freeze—thaw cycles can induce protein aggregation or denaturation, impairing protein
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stability, and can ultimately affect biosensor performance.3” Experiments to establish long-
term stability, selectivity, and reliability can take a long time, as significant statistical data
need to be collected in order to validate results and determine the adequate conditions of use
and storage.

To biofunctionalize nanomaterials or transducers, a variety of surface modification
approaches have been devised, including physical adsorption, chemical adsorption, covalent
binding, and affinity-based interactions.138.139 The use of antifouling agents as permeable
polymeric coatings to minimize nonspecific binding is also important to improve the
selectivity and robustness of the biosensors.140:141 Adequate functionalization of the
nanostructured transducer surface with the bioreceptor is essential to provide sensitive,
stable, and reproducible operation of biosensors since the efficacy of the sensor depends

on the orientation and activity of the biological receptor. The recognition or interaction

sites need to be available (steric-free) for the target analyte to bind or interact with, and

for these events to be translated into a readable signal by the transducer. For example,

the human and engineered ACE2 receptor has been largely used in the development of
biosensor technologies for SARS-CoV-2 detection.142 The interaction between the receptor-
binding domain of S protein and ACE2 involves 20 residues in the N-terminal helix of the
receptor.20:143 Thus, this moiety needs to be sterically available after biofunctionalization to
create a sensitive biosensor response.

Appropriate large-scale manufacturing methods and biosensor reliability are still critical
aspects that need to be overcome to facilitate the commercialization and widespread

use of biosensors. Challenges facing the large-scale synthesis of nanomaterials include
obtaining controlled size distribution and defects and stabilizing the nanomaterials at

a low cost. Lowering the cost of nanomaterial manufacturing, as well as advances in
functionalization, will make it possible to design and use biofunctionalized nanomaterials
to develop simple, sensitive, and cost-effective methods for detecting SARS-CoV-2 and its
associated biomarkers as well as other infectious agents.

In addition to controlling the synthesis and functionalization of nanomaterials on a large
scale, manufacturing reproducible biosensors can be improved by the use of automation
because manual approaches can produce biosensors with uneven performance. However,
biosensors can also vary from batch to batch because the biological reagents used are
commonly commercialized based on their purity without examining their reactivity.%9-134
For example, enzymes acquired from different sources may have different activities, adding
variability to experiments with biosensors. Thus, continuously assessing reagent reactivity
is important in biosensor development and use. Another concern is maintaining the optimal
activity of the biological receptors since the long-term stability of the biosensor device

will deeply impact the likelihood of commercial implementation of these devices. To
achieve stability, current biofunctionalization strategies incorporate monolayer membranes,
three-dimensional constructions, and other interfaces to create antifouling structures and
favorable physical and chemical environments (i.e., control of pH, ionic strength, humidity,
light protection, and other specific conditions), which are key to prolonging bioreceptor
stability and biosensor shelf life 144-146
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Besides the use of unusual materials or preparation methods for improving the robustness
of the biosensors, some strategies rely on the use of synthetic receptors that selectively bind
to the target analyte.14’ Mimetic materials can provide superior stability for operational use
compared to biological materials. For COVID-19 diagnostics, tailored chemical receptors
based on engineered versions of enzymes and antibodies have been described; the use

of molecularly imprinted polymers potentially offers solutions to the limited stability of
biological receptors.148.149

Streamlining biosensor technologies would also facilitate their widespread use. Often,
biosensors use sophisticated analytical instruments and software that can be difficult to
operate by nonexperts, preventing their translation to POC settings.13* Future studies should
focus on test procedures, ideally creating methodologies that do not require lab-based
materials, multiple steps, or skilled operators to translate these technologies to clinical

and commercial use. Microfluidic systems, for example, offer an excellent alternative to
integrate preanalysis steps, allowing delivery of the sample to the sensing region while
performing separation, preconcentration, and derivatizations, among other steps. All POC
applications require the integration of an accessible detector with a user-friendly interface to
facilitate and accelerate interpretation of the results. Future work is needed in these areas to
bring biosensors to the market.

It is worth mentioning the importance of evaluating the safety of different biosensor
technologies during their use in testing sites, providing adequate training, and establishing
clear guidance for accurate testing. Given the diverse range of healthcare professionals (e.g.,
physicians, nurses, and medical technologists, among others) and workflows involved in
POC testing, there are additional risks related to the use of such technologies, i.e., electrical
shock, chemical, and biological contamination during simplified protocol applications
(sometimes without personal protective equipment), as well as the importance of adequate
sample inactivation and disposal protocols after use to diminish the risk of operator’s
exposure and contamination. 150

For the widespread deployment and mass manufacturing of single-use POC tests,
sustainability must be considered. Electronic readers and signal processing components
should be reused and disposable; single-use components should be minimized. Greener and
sustainable approaches using less toxic and biodegradable materials (paper,® cellulosel®1)
should be prioritized during sensor development.

The use of diagnostic technologies also raises ethical issues, such as concerns over data
confidentiality, ownership, and privacy.134:152 Combining diagnostic devices with contact
tracing apps, while valuable for surveillance, may not be trusted by users who are concerned
with confidentiality and with data acquisition by third parties for purposes unrelated to
COVID-19 surveillance.?9 Indeed, Bhalla et al. discuss how consumers and patients are less
likely to read the policies and terms described in self-testing biosensors and mobile health
applications than in other circumstances.134 Nonmandatory contact-tracing apps that protect
privacy while balancing the demands and aims of users, policymakers, and developers
warrant future inquiry and development.9°
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7. CONSIDERATIONS AND LESSONS LEARNED TO COMBAT FUTURE
PANDEMICS

The properties of functional nanomaterials (high conductivity, electromagnetic field
enhancement, quantum confinement, high surface area for functionalization with biological
receptors, and catalytic properties) and nanotechnology, more generally, enhance the
sensitivity, stability, and selectivity of biosensing devices. Advances in nanotechnology
(synthesis, functionalization, and bioconjugation with receptors) and fabrication methods
that enable reproducible, robust, and low-cost testing devices for operation at the POC are
crucial in combating COVID-19 and will also be fundamental in controlling future endemic
and pandemic diseases.

In the past two decades, response times for estimating and tracking infected patients have
accelerated. For example, the response time was substantially quicker during the COVID-19
pandemic compared to the SARS (Severe Acute Respiratory Syndrome) and MERS (Middle
East Respiratory Syndrome) outbreaks that took place in 2002 and 2012, respectively.99:153
This faster response is primarily associated with technological advancements in DNA
sequencing and the enhanced functionality of molecular kits based on nucleic acid detection,
including RT-PCR, which have reduced the time needed to identify clinically significant
biomarkers. To minimize the harm caused by upcoming pandemics, however, significant
work still needs to be done, since nucleic acid detection techniques are slow, cumbersome,
and expensive for decentralized POC applications, particularly in developing countries.9
Rapid tests involving biosensor technology are emerging as excellent candidates to help
control future outbreaks through frequent testing. However, the ethical, regulatory, and
commercial concerns that emerged during the current COVID-19 pandemic must be
addressed prior to implementing biosensor technologies more broadly in our society.
Therefore, there is an urgent need to consider the regulatory and practical requirements

for each biosensor prototype with an end goal of developing generalizable testing platforms
that are readily adaptable for upcoming infectious outbreaks.

Existing biosensor technologies incorporate low-cost materials, miniaturized, portable
instrumentation, and reduced testing time, features that are especially valuable for frequent
testing in POC settings. In addition to serving as home diagnostic tools, POC biosensor
technologies may be used to monitor high-density areas, such as airports, train stations,

and hospitals, providing rapid results for decision-making. Furthermore, biosensors can also
be used for wastewater and sewage analyses following outbreaks to facilitate tracking the
spread of the infectious agent.

Existing strategies and protocols commonly used to manufacture, synthesize, and
(bio)functionalize the nanomaterials and transducers constituting currently available
biosensors can also be expanded to detect additional infectious agents as well as

other biomolecules such as specific enzymes, nucleic acids, antibodies, and cells. The
translatability of the biosensor technologies to other sensing targets can be made by
choosing adequate bioreceptors (natural or synthetic) and strategies to correctly anchor them
onto the transducer surface. We predict that advances made in the biosensing field over the
past decade, combined with continued funding for the optimization and diversification of
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sensing strategies, will enable the design of biosensor tests for screening and surveillance

for pathogens and diseases of interest, in addition to COVID-19. Multiplexed biosensor
technologies similar to those reported by Torrente-Rodriguez and coauthors,3! where the
authors described a multiplexed test that enables the detection of antigen, antibodies, and
inflammatory biomarker C-reactive protein related to COVID-19 infection, represent a very
attractive approach and should be prioritized for future endemics/pandemics because, in
single testing, it provides quantitative and clinically relevant information about the infection
status, immune response, and severity of the particular infection. Improved diagnostic testing
is a pillar for pandemic prevention, control, and containment.

8. CONCLUSIONS

High-throughput, sensitive, and cost-effective diagnostic devices can be used for accurate
and frequent testing of SARS-CoV-2 infection and can contribute to the prevention of

viral transmission. Functionalized nanomaterial-based colorimetric and electrochemical
biosensors present attractive features for accessible POC testing, such as simple
instrumentation (sometimes coupled with smart devices), fast response, and adequate
sensitivity. Mass manufacturing and functionalization methods can be used for low-cost
production, but it is necessary to ensure that the sensor performance is stable and
reproducible. POC and at-home sensing rely on the noninvasive collection of saliva, nasal
swabs, or other samples. Recently, the application of antifouling coatings and membranes

to biosensor transducers has improved the sensor performance with these complex biofluids,
and POC sensing is becoming more accurate. As SARS-CoV-2 persists in the community;, it
is evident that more tools are needed to monitor mutations and identify variants. Multiplexed
sensors that can measure the number and kinds of mutations in the SARS-CoV-2 sequence
may act as important screening tools for variant identification and tracking to inform

public health measures and future vaccine development. Since SARS-CoV-2 is primarily
transmitted via respiratory droplets and aerosols, the capability to monitor the virus directly
in exhaled breath would be invaluable in controlling the spread of infections. Future research
may lead to the direct detection of viral particles from the breath and the incorporation of
flexible printed electronics in face masks for continuous viral sensing.

The methods highlighted here offer sensing capabilities that may easily be modified for
monitoring other biomarkers of interest in multiplexed platforms. SARS-CoV-2 symptoms
vary greatly and are nonspecific; therefore, it is important to distinguish SARS-CoV-2 from
other viral infections for proper treatment. This can be done by using multiplexed platforms
that detect a variety of circulating viruses. Multiplexed sensing of general health biomarkers,
in addition to SARS-CoV-2 viral products, could present a more complete portrait of the
patient’s health for telemedicine monitoring. We envision a near future when accessible
biosensor technologies will be widely used for diagnosis. We anticipate that the lessons
learned during the current COVID-19 pandemic, in addition to improving technologies

for detection and diagnosis, will enable the transition of biosensors from prototypes to
diagnostic tests for future pandemics.
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Figure 1.
Enzyme-linked signal transduction for SARS-CoV-2 detection. (A) SARS-CoV-2 structure

and downstream biomarkers of SARS-CoV-2 infection. Created with BioRender.com.
(B) Laser-engraved graphene-based immunosensor for the rapid, multiplexed detection
of SARS-CoV-2 antigen, antibodies, and C-reactive protein as demonstrated in saliva.
Reproduced with permission from ref 31. Copyright 2020 Matter. (C) Aptamer-based
detection of SARS-CoV-2 antigen in saliva with invertase-facilitated signal amplification
and glucometer measurement. Reproduced with permission from ref 74. Copyright 2021
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Elsevier. (D) A cell-free gene circuit sensor combining synthetic biology and an off-the-shelf
glucometer for the detection of SARS-CoV-2 nucleic acids. Reproduced with permission
from ref 75 under CC BY 4.0. Copyright 2021 Springer Nature.
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Figure 2.

Electrochemical detection of SARS-CoV-2 using redox indicators. (A) Detection of SARS-
CoV-2 RNA and single-point mutations based on metal ion intercalation sensed via CV.
Reproduced with permission from ref 67. Copyright 2022 ACS. (B) Molecularly imprinted
polymer for SARS-CoV-2 antigen detection as demonstrated in control, spiked, and positive
nasopharyngeal samples. Reproduced with permission from ref 79. Copyright 2022 Elsevier.
(C) Ferrocene-tagged DNA molecular pendulum conjugated with an antibody for the
selective detection of SARS-CoV-2 S protein and intact virus. Reproduced with permission
from ref 84. Copyright 2021 ACS.
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Figure 3.
Functionalized transistors for SARS-CoV-2 detection. (A) Graphene FET for the

ultrasensitive detection of SARS-CoV-2 antigen in nasopharyngeal samples. Reproduced
with permission from ref 69. Copyright 2020 ACS. (B) MXene-graphene FET for the
multiplexed detection of SARS-CoV-2 and H1N1 antigens in artificial saliva samples.
Reproduced with permission from ref 70. Copyright 2021 ACS. (C) Graphene FET for

the MolEMS-based detection of unamplified SARS-CoV-2 RNA in nasopharyngeal samples.
Reproduced with permission from ref 85. Copyright 2022 Springer Nature. (D) OECT
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capable of single molecule detection of SARS-CoV-2 virus using a high-density nanobody
self-assembled monolayer with demonstrated use in saliva. Reproduced with permission
from ref 87. Copyright 2021 Springer Nature.
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Figure 4.

Colorimetric approaches for COVID-19 diagnosis. (A) Schematic illustration of rapid
SARS-CoV-2 IgM-1gG combined antibody test with an illustration of different testing
results; C, means control line; G, means 1gG line; M, means IgM line. Reproduced
from ref 32. Copyright 2020 Li et al. Journal of Medical Virology Published by Wiley
Periodicals, Inc. (B) POC LAMP-based device and workflow. (1) The sample (with
lysed virus) is injected onto the extraction membrane. (2) Washing. (3) Drying of the
extraction membrane. (4) Folding of the device so the extraction membrane comes into
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contact with the two reaction disks. The LAMP mix and primers (COVID-19 and human
18S RNA for the test and control disk, respectively) are freeze-dried on both disks,
permitting reverse transcription and amplification. (5) Elution of the RNA from the capture
membrane to the reaction disks, subsequently sealing with PCR tape. (6) Heating at 65 °C.
Read-out in real-time with intercalating agent SYTO82. Adapted with permission under a
Creative Commons CC BY 4.0 License from ref 113. Copyright 2021 Garneret et al. (C)
Schematic representation of the use of cotton swab colorimetric biosensor using AUNPs
functionalized with ACE2. The colored cotton swab indicates a positive result for SARS-
CoV-2. Reproduced with permission from ref 30. Copyright 2021 ACS.
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VOCABULARY

Biosensor
Biomarker
Functionalization
Diagnostic test

Sensitivity

A biosensor is a device that uses biological materials, biologically derived materials, or biomimetics as recognition
elements closely coupled to a physicochemical transducer to produce a readable electrical signal that is proportional to the
concentration of a specific target analyte or group of analytes.

A biomarker is a measurable indicator (biological molecule or process) of some biological state or clinical condition.
Introduction of functional groups, materials, or properties onto the surface of a (nano)-material.
A test used to identify or confirm the presence of a disease or medical condition.

From an analytical perspective: the slope of an analytical or calibration curve. From a clinical perspective: the success rate
of a particular test to correctly identify those patients with a particular disease or condition.
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Examples of Biomarkers Used for the Detection of SARS-CoV-2 by Nanomaterials-Based Biosensors?

biological target
Sand N genes

ORF1lab and N genes
RdRp

S protein

N protein

Immunoglobulins G and M antibodies

technique
PN

DPV

LSPR

LSPR

EIS

SWV

PN

DPV and OCP-EIS

LFIA
DPV and OCP-EIS

SWvV

time (min)

10
120

45

reference(s)

24

25

26

26

27,28

29

30

31

32,33
31

34

a . . . . . Lo
PN, plasmonic nanoparticles; DPV, differential pulse voltammetry; LSPR, localized surface plasmon resonance; EIS, electrochemical impedance

spectroscopy; SWYV, square wave voltammetry; OCP-EIS, open-circuit potential-electrochemical impedance spectroscopy; LFIA, lateral flow

immunoassay. RdRp, RNA-dependent RNA polymerase.
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