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Abstract
Coronaviruses pose a serious threat to public health. Tremendous efforts are dedicated to advance reliable and effective detection
of coronaviruses. Currently, the coronavirus disease 2019 (COVID-19) diagnosis mainly relies on the detection of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genetic materials by using reverse transcription-polymerase chain
reaction (RT-PCR) assay. However, simpler and more rapid and reliable alternatives are needed to meet high demand during the
pandemic. Biosensor-based diagnosis approaches become alternatives for selectively and rapidly detecting virus particles be-
cause of their biorecognition elements consisting of biomaterials that are specific to virus biomarkers. Here, we summarize
biorecognition materials, including antibodies and antibody-like molecules, that are designed to recognize SARS-CoV-2 bio-
markers and the advances of recently developed biosensors for COVID-19 diagnosis. The design of biorecognition materials or
layers is crucial to maximize biosensing performances, such as high selectivity and sensitivity of virus detection. Additionally,
the recent representative achievements in developing bioelectronics for sensing coronavirus are included. This review includes
scholarly articles, mainly published in 2020 and early 2021. In addition to capturing the fast development in the fields of applied
materials and biodiagnosis, the outlook of this rapidly evolving technology is summarized. Early diagnosis of COVID-19 could
help prevent the spread of this contagious disease and provide significant information to medical teams to treat patients.
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1 Introduction

The coronavirus disease 2019 (COVID-19), which is caused
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has been a major global threat since late
2019. COVID-19 has been declared as a critical pandemic in
2020. As of early 2021, the report from www.worldometers.

info/coronavirus/ shows that over 95,000,000 cases of
COVID-19 have been confirmed around the world.
2,032,634 deaths were reported, attributable to SARS-CoV-
2 infection (as of January 17, 2021) [1]. Reportedly, 40% to
45% of people infected with SARS-CoV-2 have no symptoms
of COVID-19 [2–4]. This could allow the silent spread of the
virus that causes uncontrolled transmission of SARS-CoV-2
throughout the globe [5]. Apart from asymptomatic patients,
COVID-19 patients have a large variety of symptoms, leading
to the difficulty to determine the infection [6]. Undoubtedly,
researchers need to explore fast, accurate, and cost-effective
approaches, such as biosensors, to detect viruses [7–9].

Early diagnosis of COVID-19 can help prevent the spread
of this contagious disease. Thus, identifying viral biological
markers (i.e., viral genetic material, viral proteins, or host
immune responses to infection) and discovering their
biorecognition molecules, which specifically bind to those
markers, are important to enabling the development of a vari-
ety of methods for SARS-CoV-2 detections either in the lab-
oratory setting or the point-of-care (POC) testing [10, 11]. The
COVID-19 outbreak pushes the development of biosensors
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and bioelectronics forward, even more, to the advanced diag-
nosis technology for detecting viruses [12]. Although the
nucleic acid amplification tests (NAATs), such as the real-
time reverse transcription-polymerase chain reaction (RT-
PCR), are recommended by the World Health Organization
(WHO) as a standard approach to detect unique SARS-CoV-2
genome [13], this PCR-based method has some limitations;
for example, the cost for instrumentation and operation limits
the affordability. Rapid and accurate diagnosis is ideal for
public strategic requirements to control the COVID-19 crisis
[14, 15]. In addition, RT-PCR relies on special analysts and
centralized laboratory in the hospital. Inevitably, this chal-
lenge stimulates researchers to develop new alternative
strategies.

Advanced materials enable the design of high-performance
biosensors and bioelectronics. For example, nanomaterials, such
as graphene and gold nanoparticles, provide a large active
surface-to-volume ratio, enhancing the efficient immobilization
and conductivity. Utilizing advanced materials allows the devel-
opment of nano/biosensors with high sensitivity and other pref-
erable analytical performances for the detection of biochemicals
in clinical applications, offering new alternatives to benchtop-
based complex instruments [16–18]. Therefore, a broad range
of advanced functional materials is applied to support the fabri-
cation of SARS-CoV-2 sensing systems. A main group of the
analyte indicating the presence of viruses is the genome (target).
The preconcentration of targets is almost always mandatory in
order to achieve the limit of detection of the developed protocols.
An example of favored strategies is using genome amplification
[19, 20]. Apart from the genome target, protein-based biomarkers
are also important targets used to indicate SARS-CoV-2 infec-
tion. Compared with targeting genetic materials from viruses, the
main limitation of detecting non-genetic targets (such as proteins
or antibodies) is an extremely low concentration. Some analytical
challenges here are considered. Challenges are peculiar to trace
bioanalysis when dealing with low concentrations of targets and
small volumes of samples. If we can detect viral biomarkers at
the early stage of SARS-CoV-2 infection, which usually presents
in ultralow concentrations of viral targets, by using fast and reli-
able approaches, it is essential to strengthening the way to slow
down the spreading of viruses or, importantly, save the life of the
patient effectively.

In this review, we aim to describe the current advances of
biosensor platforms for COVID-19 diagnosis (Fig. 1). Only arti-
cles written in English are considered. In addition to several
published review articles [21, 22], we expand our discussion
focusing on biological recognition elements and bioelectronics.
Starting with the basic biological structure and cell entry mech-
anism of SARS-CoV-2, we summarize the possible antigens and
biomarkers, such as viral ribonucleic acid (RNA) and proteins, or
human immune response to the infection, which can be used to
identify the presence of SARS-CoV-2 in humans. Subsequently,
we introduce the biorecognition elements, such as nucleic acid

probes, antibodies, and antibody-like molecules, that have been
applied to specifically bind to those viral antigens and bio-
markers. Although antibodies are primarily used for the detection
of viral proteins, there is the possibility of using antibody-like
molecules. The advantages of antibody-like molecules over an-
tibodies are described. Moreover, we demonstrate the current
advancement of using biorecognition elements for diagnosis of
COVID-19 from patient samples. Lastly, we show recent exam-
ples of the integration between viral biomarkers and the advent of
biorecognition elements in biosensors based on electrochemical
bioelectronics to rapidly detect SARS-CoV-2 in patient samples.

2 The structure of SARS-CoV-2 and entering
mechanism

Understanding the pathogenesis of SARS-CoV-2 could lead to
appropriate diagnosis and therapeutics. The novel coronavirus,
SARS-CoV-2, is closely related to betacoronavirus [23, 24] that
had caused two outbreaks at the beginning of the twenty-first
century, e.g., severe acute respiratory syndrome (SARS) caused
by SARS-CoV in 2002 [25, 26] and Middle East respiratory
syndrome (MERS) caused by MERS-CoV in 2012 [27, 28].
Similar to other coronaviruses, SARS-CoV-2, which is a
positive-sense single-stranded RNA (+ssRNA) virus, shares
~80% and 50% genome sequence identity with SARS-CoV
and MERS-CoV, respectively, and its genome consists of
~30,000 base pairs (bp) in length encoding four main structural
proteins, e.g., spike (S), nucleocapsid (N), membrane (M), en-
velop (E), nonstructural proteins, and accessory proteins (as
shown in Fig. 2a) [29–32]. Among these proteins, the sequence
of the SARS-CoV-2 S protein is more diverse with about 77%
identity to SARS-CoV, while other proteins are highly evolu-
tionary conserved [33]. Therefore, distinct domains within the S
protein are used by different coronaviruses to recognize a vari-
ety of attachments and entry receptors [34].

The engagement between the SARS-CoV-2 S protein and a
host cell receptor initiates virus entering the host cell. The SARS-
CoV-2 S protein consists of 1273 amino acids (Fig. 2b), includ-
ing a signal peptide (residues 1–13), an N-terminal subunit (S1;
residues 14–685) that mediates receptor binding, and a C-
terminal subunit (S2; residues 686–1273) that mediates fusion
between virus and the membrane of the host cell [31, 35] [36].
For viral attachment to the surface of host cells, the receptor-
binding domain (RBD; residues 319–541) of the S1 subunit
binds to the host angiotensin-converting enzyme 2 (ACE2) re-
ceptor with high affinity (dissociation constant, KD = 14.7 nM
[37]). For viral entry, with facilitating of the host protease, e.g.,
transmembrane serine protease 2 (TMPRSS2) on the surface of
host cells for the S protein priming, it cleaves the boundary
between S1 and S2 that triggers a conformational change in the
S2 subunit and allows the fusion peptide (residues 788–806) of
the S2 subunit to fuse to the host cells, resulting in the release of
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the viral genome into the host cells [38, 39]. The SARS-CoV-2
genetic materials then utilize the molecular machinery of the host
cell to replicate themselves and release the new virus particles
into the host organism. Understanding the structure and function
of SARS-CoV-2 allows researchers to design the effective ap-
proaches for reliable and rapid diagnosis of COVID-19 and to
develop the potential treatments to meet the high demand during
the pandemic.

3 SARS-CoV-2 biomarkers and biorecognition
elements

Several viral antigens and biomarkers are identified to be used
as an indicator for SARS-CoV-2 infection [40]. Generally, the
amount of SARS-CoV-2 presenting in patients depends on the
window period and different types of patient samples, includ-
ing nasopharyngeal swabs, sputum, urine, or stool. The mean

Fig. 1 Illustrations of the SARS-CoV-2 and the concept of using biosens-
ing technologies for effective COVID-19 diagnosis, including a sam-
pling, b coronavirus structure, c biodiagnostic tools, and d modern

clinical systems, which seeks to deliver important data and allows fast
and efficient managements of the individual and public health

Fig. 2 The structure and cell entry mechanism of SARS-CoV-2. a Four
structural proteins of SARS-CoV-2 include spike (S), nucleocapsid (N),
membrane (M), and envelop (E) proteins. To enter host cells, the SARS-
CoV-2 S protein binds to host angiotensin-converting enzyme 2 (ACE2)
receptors (shown in red). Subsequently, the surface protease, e.g., trans-
membrane protease serine 2 (TMPRSS2, shown in purple), cleaves at the
S1/S2 boundary which triggers a series of conformational changes that
lead to fusion between the viral envelope and the target host cell mem-
brane. b Schematic of the SARS-CoV-2 S protein. The total length is
1273 amino acids which consist of a signal peptide (residue: 1–13)

located at the N-terminus, the S1 subunit (residue: 14–685, shown in
yellow), and the S2 subunit (residue: 686–1273, shown in green). In the
S1 subunit, there are an N-terminal domain (residue: 14–305) and a
receptor-binding domain (RBD; residue: 319–541, highlighted in or-
ange). In the S2 subunit, there are the fusion peptide (FP; residue: 788–
806), heptapeptide repeat sequence 1 and 2 (residue: 912–984 for HR1,
and 1163–1213 for HR2), transmembrane domain (TM; residue: 1213–
1237), and cytoplasm domain (residue: 1237–1273). Using the RBD, the
trimeric spike molecule binds to ACE2
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incubation period for COVID-19 is typically 5–6 days, and
the infectiousness could start about 11–12 days before symp-
tom onset and peaked at onset [41–43]. To diagnose COVID-
19, several samples from patients are collected to extract the
viral genetic materials which are later determined by RT-PCR.
Particularly, the viral loads in nasopharyngeal swabs and spu-
tum samples reached the maximum level at around 5–6 days
after symptom onset (~104 to 107 copies mL–1) [44].
Currently, the molecular diagnostics is the key methods that
have been applied to detect viral biological markers, including
viral genetic material (i.e., RNA) or viral proteins (i.e., S or N
proteins) in patient samples [45]. The viral genetic material is
typically targeted because it can be amplified to enhance the
detection sensitivity. Conversely, viral proteins are difficult
for direct detection because of their trace amount [46]. In
addition to viral biological markers, the host immune re-
sponses to infection are another indicator for COVID-19 prog-
nosis [47]. Thus, detecting viral RNA, proteins, or human
immunoglobulins with biorecognition elements (e.g., antibod-
ies, antibody-like molecules, and nucleic acid probes) that
specifically bind to those biomarkers enables the possibility
to develop a variety of methods for SARS-CoV-2 detection
[16]. The viral biomarkers with their recognition molecules
are discussed in the following section.

For the SARS-CoV-2 RNA, it is currently used as a major
biomarker for COVID-19 diagnosis, and its standard recogni-
tion molecule is nucleic acid probes. Due to the advent of
next-generation sequencing (NGS) and bioinformatics, the
whole genome of SARS-CoV-2 has been identified that en-
ables the design of the SARS-CoV-2-specific primers (short
nucleic acid sequence) to amplify a unique sequence of
SARS-CoV-2 genome using RT-PCR [31]. The common tar-
gets of the SARS-CoV-2 genome include the genes encoding
the E, N, and S proteins, the open reading frame 1ab, and the
RNA-dependent RNA polymerase (RdRP) gene, of which
each of them differently affects the specificity of RT-PCR
[46, 48]. For example, the S gene and RdRP gene are com-
monly used to differentiate SARS-CoV-2 from other
coronaviruses, while the E and N genes are used to identify
coronaviruses because these genes are more conserved among
coronaviruses that may have cross-reaction [31, 44].
Consequently, the whole-genome sequences of SARS-CoV-
2 allow researchers to design specific probes to target and
amplify viral genetic material in the RT-PCR process.

For the SARS-CoV-2 proteins, the N and S proteins are
typically used as the antigens or biomarkers for viral detec-
tion, and their biorecognition molecules can be either antibod-
ies or antibody-like molecules. The N protein, which is a mul-
tifunction RNA-binding protein involved in viral RNA repli-
cation and assembly, expresses in high levels in infected cells
at the early stage of SARS-CoV-2 infection [49]. Moreover,
the S protein, which is a large type-I transmembrane glyco-
protein covering the surface of SARS-CoV-2, binds to host

ACE2 to facilitate the viral entry into target cells [35, 50].
Targeting either N or S protein by biorecognition molecules
could be useful to developing diagnostic systems. For exam-
ple, monoclonal antibodies (mAbs, Fig. 3a) have been mainly
used to recognize antigens, and other antibody-like molecules
(see Fig. 3b–f), such as antigen-binding fragment (Fab),
single-chain variable fragment (scFv), single-domain anti-
body (nanobody), and monobody, can also bind to antigens.
The binding specificity and affinity between antibodies or
antibody-like molecules and target antigens can be improved
through protein engineering techniques which consist of the
following steps (Fig. 3g). Firstly, the library containing a di-
versity of variants is generated. In this step, the library of
mAbs is isolated from B-cell samples of virus-infected pa-
tients, or the synthetic library of biorecognition molecules is
diversified by mutagenesis. Secondly, these libraries are
screened/selected against the target molecule through the dis-
play technology, especially the phage display that is widely
used for in vitro selection [56]. Lastly, the function of selected
variants is verified by a double-antibody sandwich enzyme-
linked immunosorbent assay (ELISA) or affinity determina-
tion, before use. Thus, utilizing protein engineering tech-
niques, the binding affinity of biorecognition molecules can
be improved with high specificity against the viral markers.
The examples of improving the binding of biorecognition
molecules (antibody and antibody-like molecule) against viral
proteins (e.g., N or S protein) are described in the following
paragraph.

Recently, several mAbs and antibody-like molecules have
been produced to specifically target SARS-CoV-2 protein
markers or antigens (Table 1). For instance, the anti-SARS-
CoV-2 antibody library derived from peripheral blood sam-
ples of COVID-19 patients was generated by phage display
technology and screened against the SARS-CoV-2 N protein.
This led to JSo8 antibody with high binding affinity that can
be used for a rapid diagnostic test kit for clinical use [57].
Although the N protein is highly conserved among
coronaviruses and the sensitivity in detection of antibodies
against the N protein is reported to be higher than the S protein
for early detection of infection [64, 65], most of anti-SARS-
CoV-2 antibodies have been developed to target the viral S
protein as shown in Table 1. This is because the S protein is on
the surface of virus and is involved in viral entry by binding to
the host receptor; the S protein becomes the main target for
biorecognition molecules. Moreover, anti-S-protein antibod-
ies are used to defend a cell from virus infection by neutraliz-
ing its biological effect. This type of antibody is called neu-
tralize antibody (nAb). For instance, nAb for SARS-CoV,
such as CR3022, also has potential cross-neutralizing activity
against SARS-CoV-2 infection due to the sequence identity of
the S protein (77%) between SARS-CoV and SARS-CoV-2
[33, 61]. Despite of using an individual viral antigen, anti-
SARS-CoV-2 antibodies can be selected using recombinant
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antigens, such as N, S, RBD, or ectodomain of the S protein
[66, 67].

In addition to mAb, antibody-like molecules, such as
nanobody (derived from camelid single-chain antibodies
(VHH)) and monobody (derived from human fibronectin do-
main III), are an alternative binding protein against viral pro-
teins because of their smaller size, being easier to be produced
(in yeast or bacteria), and better binding affinity (KD in the
range of pM–nM) than those of mAbs [68]. For example, a
yeast surface-display library of synthetic nanobody sequences
was constructed and screened against a mutant form of the

SARS-CoV-2 S protein [39]. After several rounds of selection
and optimization, a trivalent form of Nb6 binds to the S pro-
tein with femtomolar affinity. Another example of nanobody
library is that it can be constructed from a llama immunized
with the recombinant RBD, and this library was selected using
a proteomic strategy to achieve anti-RBD nanobodies with
picomolar to femtomolar affinity [62]. Apart from the
nanobody, the monobody library can be synthetically con-
structed and screened against the SARS-CoV-2 S1 subunit,
resulting in anti-S1 monobodies with sub-nanomolar to
nanomolar affinity [63]. These monobodies were then applied

Fig. 3 Antibodies and antibody-like molecules and schematic overview
of their selection pipeline. The structure and size of selected
biorecognition molecules. a Human immunoglobulin G (IgG, ~150
kDa) antibody consists of two heavy (blue) and two light (pink) chains
connected by disulfide bonds (S–S). Both chains consist of several con-
stant domains (CL and CH1–CH3) and the variable domains (VL and VH).
The variable domains contain the complementarity-determining regions
(CDRs), which determine antibody-binding specificity. b The antigen-
binding fragment (Fab, ~55 kDa) is composed of each VH, CH1, VL, and
CL domains. c The single-chain variable fragment (scFv, ~28 kDa) is
composed of each VH and VL domains connected via a linker. d The
camelid heavy-chain antibody (HcAbs, ~96 kDa) is made up of only
two heavy chains; each of which consists of two constant (CH2 and
CH3) domains and a single variable (VHH, ~12–15 kDa) domain. e
Structure of the nanobody (e.g., vhhGFP4, PDB ID:3OGO; [51]). f

Structure of the monobody (~10 kDa) (e.g., PDB ID: 1TTG; [52]). g
Selection of biorecognition molecules using the phage display technolo-
gy. (Top) For antibody-based scaffolds, an antibody library is generated
using lymphocytes (B cells) isolated from either human or camelids (im-
munized by viral proteins). Subsequently, lymphocyte RNA encoding
recognition protein binders is transcribed into cDNA by RT-PCR. A
binder phage library is then created in the M13 phage that allows protein
binders to be presented on the phage surface. The protein binder library
undergoes a panning process [53]. Several cycles of panning are conduct-
ed for the selection of high-affinity binders. After that, all selected binders
will be verified. (Bottom) For non-antibody-based scaffolds, synthetic
peptide libraries are used, and the same procedure is repeated. In addition
to the phage display, the yeast surface display can be applied to screen
desired molecules [54]. a–d and g are adapted with permission from [55].
Copyright 2018, The Company of Biologists
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to capture SARS-CoV-2 particles from the nasal swab sam-
ples of patients. Representative of biorecognition molecules
designed to target SARS-CoV-2 antigens are summarized in
Table 1.

For the host immune responses to SARS-CoV-2 infec-
tion, immunoglobulin M (IgM) and IgG provide a de-
fense mechanism, and they can be used as another indi-
cator of SARS-CoV-2 infection for the serology test
[47]. During viral infections, IgM is the first antibody
to be produced by the immune system that can be de-
tected in the first week after infection and reached its
peak after 2 weeks before reduced to near-background
level. IgG, on the other hand, is produced after 1 week
of infection, reached its peak in 3 weeks, and remained
at a high level for long-term immunity and immunolog-
ical memory [69–71]. In other words, the detection of
IgM antibodies could indicate recent exposure to
SARS-CoV-2, while the detection of IgG antibodies
could indicate virus exposure some time ago. Hence,
the SARS-CoV-2 antigens are generally used to target
IgM or IgG. Chemiluminescence immunoassay (CLIA)
is an example that utilizes the magnetic beads coated
with SARS-CoV-2 antigens (e.g., N and S proteins) to
detect IgM or IgG in serum, and the amount of detected
IgM or IgG is quantified by the CLIA analyzer [72].
However, the sequential production of IgM and IgG in
COVID-19 patients is still inconclusive because their
production can be time-dependent in different patients
which raises diagnostic problems [73]. Recently,

immunoglobulin A (IgA) antibodies have been found to
be a promising biomarker for the detection of early
SARS-CoV-2-specific humoral responses as it can be
frequently detected before the presence of IgG [73, 74].

4 Recent biosensing approaches for detecting
SARS-CoV-2

In the present, the COVID-19 diagnosis mainly relies on the
detection of SARS-CoV-2 RNA by real-time RT-PCR assay.
Several test kits based on RT-PCR have been developed and
commercially available to target various SARS-CoV-2 genes
with relatively high sensitivity [46, 75, 76]. However, these
test kits still suffer from limitations, including long turnaround
times, complicated operation, expensive equipment, and high
false-negative rate [47, 48, 77]. Therefore, the simple and
cost-effective diagnostic methods are needed to accurately
and rapidly screen patients during the pandemic. In this sec-
tion, we summarize the recently developed molecular diag-
nostic methods that use different virus biological markers as
a target, such as viral RNA, proteins, or human IgM/IgG.

For detecting viral RNA, isothermal amplification tech-
niques, such as loop-mediated isothermal amplification
(LAMP), have been applied to detect viral genome with sim-
ilar sensitivity as standard PCR. In LAMP, the target DNA
sequence is specifically amplified using three pairs of primers
at a constant temperature ranging from 60 to 65 °C [78]. The
positive detection can be visually quantified based on

Table 1 Representative biorecognition molecules targeting SARS-CoV-2

Name Source Recognition molecule Target Dissociation constant

JS01-16 mAb (16 mAbs)
[57]

Blood samples from five
COVID-19 patients

Fab and mAb N protein of
SARS-CoV-2

0.069 to 16 nM

P2B-2F6 mAb, and P2
clones mAbs [58]

Blood samples from eight
COVID-19 patients

mAb RBD of SARS-CoV-2 5.14 nM, 1.38 to 21.29 nM

MD17, MD29, MD45,
MD47, MD62,
MD63, MD65, MD67
[59]

Blood samples from COVID-19
convalescence or from patients
with severe ongoing disease

scFv (mAb in a scFv-Fc
format)

RBD of SARS-CoV-2 0.4 to 5.8 nM

47D11 [60] Hybridoma culture supernatants
of H2L2 mouse immunized with the
purified S protein (ectodomain) or
RBD of SARS-CoV or CoV-2

mAb (with human IgG1
backbone)

S protein (ectodomain)
and RBD of
SARS-CoV and
SARS-CoV-2

0.745 and 16.1 nM (S and
RBD of SARS-CoV)
10.8 and 9.6 nM (S and
RBD of SARS-CoV-2)

80R [50] B cells of 57 unimmunized donors scFv, mAb (with human
IgG1 backbone)

S1 subunit of SARS-CoV
S protein

32.3 nM, 1.59 nM

CR3022 [61] Lymphocytes of a convalescent SARS
patient

scFv, mAb (with human
IgG1 backbone)

RBD of SARS-CoV-2 6.28 nM

mNb6 [39] Synthetic nanobody Nanobody S protein (ectodomain) of
SARS-CoV-2

0.45 nM

Nb20, Nb21 [62] Blood from Llama immunized with an
RBD-Fc fusion protein

VHH antibodies or
nanobody

RBD of SARS-CoV2 Nb20: 10.4 pM, Nb21:< 1
pM

Spike-binding
monobody clones 4,
6b, and 12b [63]

Synthetic monobody Monobody S1 subunit of
SARS-CoV-2 S pro-
tein

4: 1.94 nM; 6b: 0.76 nM;
12b: 0.62 nM
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colorimetry, fluorimetry, and turbidity. Besides DNA ampli-
fication, reverse transcription LAMP (RT-LAMP) is used for
amplifying specific RNA sequences that allow the direct de-
tection of viral RNA [79]. Furthermore, combining LAMP or
RT-LAMP with CRISPR, the DNA-endonuclease-targeted-
CRISPR-trans-reporter (DETECTR) can further increase the
specificity during amplification (Fig. 4a) [81]. The SARS-
CoV-2 DETECTR assay provides a visualization of the result
and fast (<40 min) detection of SARS-CoV-2 from a patient
sample with 95% sensitivity and 100% specificity [80].

For detecting viral proteins and human immunoglobulins,
the detection of these proteins provides an alternative diagno-
sis for COVID-19. One of the assays that have been applied to
detect viral proteins is ELISA. In this assay, the specific bind-
ing between antibody and viral proteins (immobilized on a
surface of a plate) can be detected with another additional
tracer antibody that produces a colorimetric or fluorescent-
based readout [82]. Thus, antibodies are important for
targeting virus in this assay. Similarly, antibody-like mole-
cules which recognize viral proteins can be used as an alter-
native to antibodies. For example, the recently engineered
monobodies, which specifically bind to the S1 subunit of
SARS-CoV-2, were used in ELISA assay, and the result was
comparable as using antibody (Fig. 4b) [63]. These
monobodies can be also coated on the magnetic beads to pull
down and enrich SARS-CoV-2 virus particles from patient
nasal swab samples for RT-PCR. In addition, human immu-
noglobulins, e.g., IgG or IgM can be quantitatively detected
by a multiplex label-free antigen microarray on the Arrayed
Imaging Reflectometry (AIR) platform [83].

Another approach to detect viral proteins is biosensors of
which recognition domains are generally made of antibodies
recognizing viral antigens, but transduction systems can be
different. For instance, a nanoplasmonic resonance sensor uti-
lizes the immobilized SARS-CoV-2 mAbs to detect SARS-
CoV-2 virus particles in one step (< 15 min) with the virus
range of 0 to 107 vp mL–1 [84]. In addition to detecting virus
particles, an opto-microfluidic sensing platform, of which
sensing unit is based on localized surface plasmon resonance,
was developed to rapidly detect antibodies specific to the
SARS-CoV-2 S protein in human plasma (< 30 min) with
the limit of detection of ~ 0.08 ng mL–1 [85]. Additionally,
engineering the surface of quartz crystals can form a sensitive
transducer to detect biotargets [86, 87]. This concept can be
integrated with a quartz crystal microbalance for sensing
SARS-CoV-2 [88]. For instance, the S1 protein bears hydro-
phobic and positive charged surfaces. Therefore, it can inter-
act with hydrophobic ends and carboxylated moieties which
can be attached on the quartz crystal microbalance. This bind-
ing event causes the change of mass of the microbalance, thus
providing sensitive analytical signals. However, nonspecific
adsorption is challenging. Anti-S protein (as a bioreceptor) is a
candidate to be functionalized on the quartz crystal surface to

ensure high specificity to SARS-CoV-2. Moreover, electro-
chemical biosensors whose biorecognition element was made
of membrane-engineered mammalian cells bearing the human
chimeric spike S1 antibody can detect the SARS-CoV-2 S1
subunit of S protein (~3 min) with a detection limit of 1 fg
mL–1 [89]. Similarly, a field-effect transistor (FET)-based bio-
sensor utilizes immobilized SARS-CoV-2 mAbs on a
graphene sheet to detect SARS-CoV-2 S proteins at concen-
trations of 1 fg mL–1 in phosphate-buffered saline and 100 fg
mL–1 in clinical transport medium [90].More detail of the bio-
FET and its application will be elaborated in Sect. 5. Since
similarity between coronaviruses, simultaneously detecting
multiple SARS-CoV-2 biomarkers, could provide rapid and
low-cost COVID-19 diagnosis. The SARS-CoV-2 RapidPlex
is a graphene-based multiplexed telemedicine platform to de-
tect SARS-CoV-2 N protein, inflammatory biomarker C-
reactive protein (CRP), and specific immunoglobulins against
SARS-CoV-2 S1 protein by coating specific anti-N protein
mAbs, anti-CRP mAbs, and purified SARS-CoV-2 S1 pro-
teins, respectively (detection time can be as low as 1 min, see
Fig. 5a). Different expression levels of these antigens can be
used to track the infection progression the COVID-19
(Table 2). The details of the bioelectrode designs and electro-
chemical detection systems will be discussed further in the
following section.

5 Emerging electrochemical bioelectronics
toward COVID-19 diagnosis

POC biosensors offers rapid and on-site detection of viruses
and infection risks [95, 96]. Two key features need to be
considered for POC biosensors, including portability and sen-
sitivity. Portable sensing devices open unique opportunities to
speedily on-site detect viruses or track relevant symptoms by
analyzing body fluids (such as saliva and blood) or viruses
spread in our surroundings [95, 97]. Besides, bioelectronics
are crucial to strengthening modern digital health initiatives,
enabling the immediate management because they are ready
to provide measurable electrical signals that are convenient to
connect to digital systems [98–100]. Electrochemical detec-
tion approaches, for example, are extensively applied to POC
applications. In the case of virus detection, electrochemical
sensors can be designed to analyze viral protein-based bio-
markers, apart from detection of viral genetic material.
However, unlike genome materials which can be amplified,
it is needed to engineer the sensor to provide a very sensitive
and low limit of detection for detecting protein-based
biomarkers.

Expanding from the previous discussion about viral bio-
markers and biorecognition elements in Sects. 3 and 4, the
basis of many electrochemical immunosensors relies on the
specific virus-antibody recognition. The binding interaction
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between the immobilized capturing molecule (i.e., antibody)
as a bioreceptor on the solid supports (i.e., electrode) and the
target virus (or the relevant biocomponent from the virus) can
form a stable complex. This recognition event can be designed
to cause electrochemical changes. This event is detectable by
using an electrical transducer. In terms of electrical transduc-
ing parameters, the interaction occurring on the sensing elec-
trode can be converted into four main characteristic responses,
depending on the detection methods, including potentiometric
(i.e., the potential change of an indicator electrode) [101],
voltammetric/amperometric (i.e., the associated current as a
function of potential) [102, 103], conductometric (i.e., the

conductivity or resistance) [104], and impedimetric (i.e., the
impedance of a system) signals with respect to the target an-
alyte concentrations [105]. Moreover, this can be extended to
a microelectronic-based transducer, such as a FET-based bio-
sensor. The binding of viruses or their antigens can induce the
change in the surface potential of the device. This event causes
the change in conductance of the FET channel, allowing the
measurable signal to indicate the presence of viruses [90,
106]. Examples of electrochemical bioelectronics toward
COVID-19 diagnosis are discussed in this section.

A recent example of electrochemical sensors for rapid
COVID-19 diagnosis is shown in Fig. 5a [91]. The sensor
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Fig. 4 Applications of biorecognition elements in detecting SARS-CoV-
2. a Schematic of SARS-CoV-2 DETECTR workflow. Viral RNA is
extracted from COVID-19 patient samples and used as an input to
DETECTR (LAMP preamplification and Cas12-based detection). The
readout of this DETECTR can be visualized by a lateral flow strip. A
positive result requires detection of at least one of the two SARS-CoV-2
viral gene targets (N gene or E gene). RNase P gene is used as a control,
and QC represents quality control. Adapted with permission from [80],
Copyright 2020, Springer Nature, b A schematic representation of the
sandwich ELISA using the monobody. The monobody can replace anti-
body for the sandwich ELISA. The S1 subunit of SARS-CoV-2 S protein

is added to the monobody-immobilized microplate. After the S1 subunit
is bound with the monobody and unbound molecules are washed away,
the binding between the S1 subunit and the monobody is identified by
detecting monobody-HRP. All possible combinations (nine S1-binding
monobodies) are tested as shown in the inset table. Nus represents Nus-
Tag fused at the C terminus of the monobody. HRP is horseradish per-
oxidase enzyme that is used to amplify signal in photometric assays by
catalyzing the conversion chemiluminescent substrates. Adapted from
[63], Copyright, The Authors, some rights reserved; exclusive licensee
AAAS. Distributed under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC)
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design relies on sandwich- and indirect-based immunosensing
mechanisms. The SARS-CoV-2 N protein, specific

immunoglobulins against the SARS-CoV-2 S protein (S1)
(S1-IgM and S1-IgG), and CRP are biomarkers used to
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indicate the virus. Four working electrodes are patterned on a
flexible polyimide substrate. The detection of SARS-CoV-2N
protein and CRP employs double-sandwich and sandwich as-
says by immobilizing capture antibody on the graphene elec-
trode. These targets can interact with the bottom
biorecognition layer immobilized on the graphene surface.
Afterwards, the detector antibody (DAb) or secondary detec-
tor antibody (DAb2) attached with horseradish peroxidase
(HRP) will bind specifically on the top of the targets. Apart
from the detection of the N protein and CRP, the indirect assay
system can be used to monitor the concentration of S1-IgM
and S1-IgG. Antibodies specific to IgG and IgM are attached
with HRP enzymes to provide electrochemical signals. The
unreacted sites are also blocked with bovine serum albumin
(BSA) in order to obviate the nonspecific binding of other
molecules presented in the real analysis system. By applying
the amperometric technique at a low potential of –0.2 V

(versus Ag/AgCl) toward the sensing electrode in the presence
of the hydroquinone (HQ) and hydrogen peroxide (H2O2), the
HRP unit catalyzes the electrochemical reactions, resulting in
a measurable electrochemical signal. Due to the selective bi-
ological recognition of the viral antigen-antibody binding
events in the system, the DAb2-labeled HRP component is
related to the number of targets. Therefore, the viral concen-
tration can be determined by observing the electrochemical
signal output generated by the HRP probe. COVID-19-
positive and COVID-19-negative serum and saliva samples
were tested in this work, suggesting the possibility to use
electrochemical sensors as promising diagnostic tools. A cus-
tomized four-channel electronic device can record ampero-
metric currents from four working electrodes. These data can
send out wirelessly to a user device. This is a representative
promise for supporting remote healthcare management. Note
that a variety of biomarkers, such as the N protein, anti-S
protein immunoglobulins, and CRP, can indicate the presence
of coronavirus in different status. For instance, COVID-19
patients have a high C-reactive protein CRP level (Table 2)
[91, 107].

Significant factors to be considered in developing the base
of the electrode are the rate of heterogeneous electron transfer
and double layer capacitance as they control the response
time, sensitivity, limit of detection, and signal-to-noise ratio
[14, 108, 109]. Several materials, such as common carbon-
based nanomaterials [110, 111], gold [112], and platinum
[113], can be employed. Unique properties of nanomaterials,
e.g., low resistivity, durable affinity towards bioreceptor im-
mobilization, and large surface area, ensure high perfor-
mances of nucleic acid-based or protein-based biosensors
[114, 115]. Examples of nanomaterials are carbon
nanomaterials [116], gold nanoparticles [117], magnetic nano-
particles [118], silica nanoparticles [119], quantum dots [120],
and hybrid nanostructures [121]. The choice of linker is also
crucial because it is required to ensure the stable immobiliza-
tion of specific bioreceptors such as antibodies or proteins, to
nanomaterials and minimize non-specific adsorptions. A mo-
lecular linker consisting of π-electron system and a carboxylic
group is used to attach the bioreceptor on the electrode. The

�Fig. 5 Examples of electrochemical sensors for COVID-19 diagnosis. a
A wireless graphene-based telemedicine platform (i) an image of a dis-
posable and flexible graphene array, (ii) an illustration of the graphene
sensor array layout, (iii) schematic illustrations of the detection of SARS-
CoV-2 viral proteins, antibodies (IgG and IgM), and inflammatory bio-
marker C-reactive protein (CRP) in blood and saliva (also see Table 2),
(iv) an image of the electrochemical sensing system connected to a
printed circuit board for signal processing and wireless communication,
and (v) data transmission via wireless to a user interface. WE, CE, and
RE: stand for working electrode, counter electrode, and reference elec-
trode. Adopted with permission from [91], Copyright 2020, Elsevier, bA
schematic illustration of SARS-CoV-2 detection using the screen-printed
electrode; the electrochemical detection process using a smartphone along
with differential pulse voltammograms for different concentrations of
artificial target for the SARS-CoV-2 biosensor. Adopted with permission
from [92], Copyright 2020, Elsevier, c A schematic diagram of the
COVID-19 field-effect transistor (FET) based biosensor. Adapted with
permission from [90, 93], Copyright 2020, American Chemical Society.
This permission is granted for the duration of the World Health
Organization (WHO) declaration of COVID-19 as a global pandemic, d
The detection principle of the COVID-19 electrochemical paper-based
analytical device in human serum sample along with square wave
voltammetric responses tested with different concentrations of the
SARS-CoV-2 spike protein. Adopted with permission from [94],
Copyright 2020, Elsevier

Table 2 The presence of virus
biomarkers to track the infection
progression of the COVID-19
disease stage using SARS-CoV-2
sensors. Adapted with permission
from [91], Copyright 2020,
Elsevier

Viral antigen IgM IgG CRP Expected outcome

– – – – Healthy

+ + || − – – Infectious, presymptomatic

+ + || + − Infectious, asymptomatic

+ + || + + Infectious, symptomatic

– + + || − + || − Recovered (recently)

– – + – Recovered (long term)

– – – + Inflammation/infection not due to COVID-19

+, higher than threshold; −, lower than threshold; ||, or
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approach used for the bioreceptor immobilization is one of the
significant aspects in offering a successful affinity-based
bioelectrode.

Another example of electrochemical sensor for SARS-
CoV-2 relies on supersandwich-type biorecognition, as shown
in Fig. 5b [92]. This biosensor was designed to detect RNA
present in SARS-CoV-2. In this example, graphene oxide is
functionalized with macrocyclic oligomer calixarene, i.e., p-
sulfocalix [8]arene (SCX8). The resulting calixarene/carbon
composite is also attached with gold and toluidine blue mate-
rials to provide a high electrochemical signal. With the pres-
ence of the target RNA from the virus, the RNA target can
bind specifically with the capture probe which is attached on
the gold/Fe3O4 nanoparticles via gold and thiol on the capture
probe. Note that Fe3O4 nanoparticles are designed to allow
magnetic separation [118]. Sequentially, the resulting target-
capture probe combination binds with SCX8 attached on gold/
toluidine blue/graphene composite (Au@SCX8-RGO-tolui-
dine blue nanocomposites). Host-guest recognition between
p-sulfocalix [8]arene and toluidine blue is chosen to ensure
reliable and clear electrical signal [122]. Labeled signal probe
and auxiliary probe are also used to bind with Au@SCX8-
RGO-toluidine blue nanocomposites. The 5′- and 3′-ends of
target sequence are matching to the capture probe and the label
probe, respectively. The auxiliary probe is designed to give a
lengthy shape by binding with the label probe areas.
Therefore, the sandwich configuration consists of (1) the cap-
ture probe, (2) RNA target in the middle of sandwich, and (3)
the labeled signal probe. Hence, with the presence of the target
(even 10−12 M), the distinct differential pulse voltammetric
peak related to the electrochemical toluidine blue redox probe
can be observed. The amplifying signal strategy by combining
the label probe with toluidine blue and other materials sug-
gests a way to address the common challenge pertaining to
low analytical signal. The clear peak current can be measured
as an analytical signal. This approach is highly sensitive that
no extra steps (e.g., nucleic acid amplification or reverse tran-
scription) are required. In addition, the toluidine blue signal
can be read by a smartphone.

A transistor that employs an electric field to regulate the
flow of current can be modified to fabricate a sensitive bio-
sensor [123]. An example of a FET-based biosensor for mon-
itoring SARS-CoV-2 was demonstrated as shown in Fig. 5c
[90, 93]. Graphene-based material is used to immobilize the
SARS-CoV-2 spike antibody by using 1-pyrenebutyric acid
N-hydroxysuccinimide ester as a linker. This immobilized
coronavirus spike antibody is a recognition on the drain–
source surface. Upon the addition of the target, real-time re-
sponses with a wide dynamic range can be obtained. When
testing the developed biosensor with MERS-CoV S proteins,
the signal is absent. This test of immobilized antibody against
the other viruses on the graphene-based transistor proves the
high specificity to the target (i.e., SARS-CoV-2 antigen).

Another representative is based on a label-free paper-based
electrochemical device, as shown in Fig. 5d [94]. The mecha-
nism for the detection of the SARS-CoV-2 antibody relies on the
binding event of the antibody target with the SARS-CoV-2 S
protein receptor-binding domain (RBD), which is attached on the
detection zone of the graphene-based electrode sensor. The im-
mobilization of the RBD is obtained by using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide
(EDC/NHS) coupling on the carboxylated graphene surface.
Upon the addition of antibodies existing in the serum sample,
the target will bind with the biorecognition layer. This event
causes the blockage of electrochemically active surface.
Therefore, when scanning square-wave voltammetry in the redox
probe solution (i.e., [Fe(CN)6]

3−/4−), the signal of the redox probe
is turned off, indicating the presence of SARS-CoV-2 IgG or and
SARS-CoV-2 IgM. This hindering process is sensitive as the
system can monitor the target with the detection limit of
~0.1 ng mL–1 immunoglobulins (IgG and IgM). The same con-
cept is also extended for the detection of viral antigen. The paper-
based sensor was designed for sensing SARS-CoV-2 S protein.
In this case, SARS-CoV-2 IgM was used to be immobilized on
the detection area. The result shows that the electrochemical
sensor for monitoring the SARS-CoV-2 RBD provides a
dynamic range of 1–1000 ng mL–1 with a detection limit of
0.11 ng mL–1. Even though the detection limit of this sensor is
low, the target in the sample obtained from nasopharyngeal
swab is as low as picograms per milliliter. Therefore, further
improvement is still required.

6 Conclusions and prospects

The COVID-19 pandemic is an ongoing critical global chal-
lenge since December 2019. The battle against COVID-19
requires efforts to deal with public health management.
Although “social distancing” is important to flatten the curve
of COVID-19 spreading, society, and economy cannot be
completely stopped. Therefore, developing materials and sys-
tems to support effective COVID-19 detection is vital. Such
requirements challenge multidisciplinary researchers to devel-
op simple, high-throughput, and accurate diagnostic tools.

Tremendous progress has been made to develop diagnosis
assay/kits that can accurately and rapidly detect viral bio-
markers especially in asymptomatic and/or early-stage pa-
tients for reducing the spread of this disease. RT-PCR typical-
ly serves as a routine method for the detection of SARS-CoV-
2 genetic material; however, it is costly, time consuming, la-
bor intensive, and requires specialized laboratory equipment.
Biosensors, on the other hand, provide low-cost, rapid, and
sensitive detection of SARS-CoV-2 virus particles [124, 125].
General platforms of biosensors for SARS-CoV-2 detection
involve three important components, including (1) the target
biomarkers of virus (e.g., viral RNA, viral proteins, or human

241emergent mater. (2021) 4:231–247



immunoglobulins), (2) identification methods (based on
biorecognition materials, e.g., antibodies, antibody-like mole-
cules, or nucleic acid probes), and (3) the transduction systems
for signal amplification (based on electrical, electrochemical,
optical, surface plasmon resonance, and fluorescent signals)
[45]. Using RNA as a target can be inconvenient because it
requires the additional RNA extraction step from patient sam-
ple. Using viral protein as a target, on the other hand, allows
direct detection in patient sample. Importantly, the binding
affinity between biorecognition molecules and their target vi-
ral proteins needs to be improved to increase specificity of
biosensor to target SARS-CoV-2. The mAbs are usually used
as the biorecognition molecules in many detection assays and
biosensors because they are highly specific to the target anti-
gen. However, mAbs are complex molecules with 150 kDa
that leads to high manufacturing cost and difficult production
process. Alternatively, antibody-like molecules are small and
easy to produce (in bacteria or yeast). With the advent of
protein engineering techniques (e.g., rational design and di-
rected evolution), these molecules can be engineered to be
highly specific to target biomarkers. Therefore, antibody-like
molecules could be a promising alternative biorecognition
unit to mAbs for the detection of viral proteins.

Many diagnosis assays/kits for the detection of SARS-
CoV-2 have been approved under Emergency Use
Authorization (EUA) by The United States Food and Drug
Administration (FDA) to be commercialized since 2020.
These in vitro diagnostic kits are used to detect different
SARS-CoV-2 biomarkers, such as the Xpert Xpress SARS-
CoV-2 (Cepheid) and cobas SARS-CoV-2 kits (Roche
Molecular Systems, Inc) to detect viral nucleic acids by RT-
PCR, BD Veritor System for Rapid Detection of SARS-CoV-
2 (Becton, Dickinson and Company) and BinaxNOW
COVID-19 Ag Card (Abbott Diagnostics Scarborough, Inc.)
to detect the N protein in nasal swabs, Assure COVID-19 IgG/
IgM Rapid Test Device (Assure Tech. (Hangzhou) Co., Ltd.)
and RightSign COVID-19 IgG/IgM Rapid Test Cassette
(Hangzhou Biotest Biotech Co., Ltd.) to detect IgM and IgG
antibodies specific to SARS-CoV-2 in human venous whole
blood sample and fingerstick whole blood. More examples of
in vitro diagnostic kits for COVID-19 can be found on the
FDA website, https://www.fda.gov/medical-devices/
coronavirus-disease-2019-covid-19-emergency-use-
authorizations-medical-devices/vitro-diagnostics-euas [76].

This review also includes examples of coronavirus detec-
tion using electrochemical approaches. Electrochemical sens-
ing strategies represent attractive POC testing alternatives.
Apart from conventional gold-standard methods which have
limitations for speedy on-site diagnosis, it is crucial to develop
the sensing device that enables the rapid assessment and pro-
motes the telemedicine testing for field applications. In this
regard, the development of a wireless telemedicine sensing
platform offers fast communications of the identified real-

time patient’s infection information/status delivered to the
medical care system via mobile health platforms, regardless
of the location. The state of the art in such bioelectronics and
wireless technologies thus may fill the need for widespread
COVID-19 testing and surpasses the testing backlogs.
Although the non-invasive detection of the sensing platform
in human saliva sample is safe and user-friendly for at-home
use, the validation of the relationship between saliva and se-
rum concentrations over the course of the SARS-CoV-2 in-
fection is still required to achieve an accurate assay. There still
remain much to be done as accurate measurements at a trace
level of targets are required and crucial.

The requirement to obtain simple and rapid analysis while
using small sample volumes draws attention to electrochemi-
cal sensors. We describe some representatives of recent tech-
nology to detect coronavirus. Nanomaterials are powerful to
support the fabrication of electrodes and allow reliable immo-
bilization of biorecognition layers on the electrode surface.
Functional materials are also essential to enhance analytical
performances, such as high signal-to-noise ratio, sensitivity,
and stability. Integrated electrode arrays provide multiplex
detection of multicomponents (targets) which indicates the
COVID-19 disease in patients. Moreover, the integration of
other technologies, such as microfluidic-integrated systems
and microelectronics, can enable the high-throughput and ful-
ly automated sampling-handling detection and telemedicine
fashion. With the achievements in developing bioelectronics,
it is expected that the obtained diagnostic tools through smart
micro total analysis systems will not only support the acqui-
sition of signals indicating the presence of viral targets, but
also data processing, storage, and the extraction of specific
features. The important data will then be sent out to the central
government or public healthcare organization to regulate the
pandemic.
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