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Abstract
A new epidemic of acute respiratory viral pneumonia was discovered in central China at the end of 2019. The disease was 
given the name coronavirus disease 2019 (COVID-19), and the virus that caused this disease was known as severe acute 
respiratory syndrome coronavirus (SARS-CoV-2). So far, diagnostic methods have been focused on (a) human antibody 
detection, (b) viral antigen detection and (c) viral gene detection, the latter using RT-PCR being the most accurate approach. 
In this paper, we present a summary of the COVID-19 pandemic, clinical features and epidemiology and pathogenesis. Also, 
we focus on the recent advances in bioanalytical diagnostic methods based on various techniques for SARS-CoV-2 sensing 
that have recently been published (2020–2021). Furthermore, we present the mechanisms, advantages and disadvantages of 
the most common biosensors for COVID-19 detection, which include optical, electrochemical and piezoelectric biosensors 
as well as wearable and smart nanobiosensors, immunosensors, aptasensors and genosensors.
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Introduction

The World Health Organization declared an epidemic on 
January 30, 2020, following the outbreak of the SARS-
CoV-2 virus in Wuhan, Hubei Province, China, and its 
rapid spread to 25 countries. This happened just 1 month 
after the announcement of the first case of the disease on 
December 31, 2019 [1–4]. Coronaviruses are positive single-
stranded RNA viruses that belong to the coronavirus family 
and are genetically classified into four genera: α, β, γ and δ 
coronavirus [5–8]. The basis of the SARS-CoV-2 corona-
virus is in the beta-coronavirus genus. These viruses often 
infect animals such as birds and mammals and usually cause 
mild respiratory infections in humans. Due to the SARS-
CoV-2 RNA content and its high potential for emergence, 
respiratory infections caused by the virus have recently led 
to deadly endemics in humans, such as SARS and mea-
sles. The causative agent of these two types of coronavirus 

diseases is zoonotic and belongs to the genus β-coronavirus 
of the coronaviridae family [9–11]. The first case of Mid-
dle East respiratory syndrome (MERS) was observed in 
Saudi Arabia in 2011–2012, of which 2495 cases have 
been reported since then, of which 858 cases were associ-
ated with death and the death rate was estimated at 34.4%. 
While no new MERS-CoV cases have been reported since 
2004, the SARS-CoV-2 outbreak occurred unexpectedly in 
2020 [11, 12]. SARS-CoV-2 is the seventh member of the 
coronavirus family, which, like MERS-CoV, SARS-CoV 
causes respiratory disease in humans with a genome size of 
27–35 kb and belongs to the beta-coronavirus species. Like 
other coronaviruses, it encodes several structural proteins 
and non-structural proteins. Spike glycoprotein (S) of and 
nucleocapsid protein (N), membrane protein (M) and coating 
protein (E) are among its structural proteins [13]. The virus 
coat is one of the hardest coatings in the coronavirus family, 
and it appears that SARS-CoV-2 is more resistant to body 
fluids and the environment than other viruses in its family, 
including MERS-CoV and SARS-CoV, and has a longer lead 
time. MERS-CoV and SARS-CoV remain outside the envi-
ronment and require fewer viral particles for infection [14].

SARS-CoV-2: It is assumed that the virus is transmitted 
via droplets, close contact, aerosols and possibly faecal-oral 
transmission and patients pending the incubation period can 
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transmit the virus to others. In addition, an infected person 
can spread more active viral particles [15, 16]. Research 
on the epidemiology, clinical, laboratory and radiologi-
cal features of patients has shown that the virus causes a 
severe SARS-like respiratory illness that occurs throughout. 
Sequence analysis of the SARS-CoV-2 genome taken from 
patients during the epidemic shows a sequence almost iden-
tical to that of SARS-CoV [17]. Using its genome, which 
is closely related to SARS-CoV and MERS-CoV, and the 
clinical and experimental data collected on previous viruses, 
it is possible to predict how the host’s immune system will 
respond to this specific virus, and how the virus may escape 
the host’s immune responses [18]. Diagnosis of SARS-
CoV-2 virus is crucial to stopping the spread and prompt 
treatment. Hence, a growing interest in developing bioana-
lytical methods for the detection of SARS-CoV-2 virus has 
been observed from 2019 until now (Scheme 1).

What are coronaviruses?

Coronaviruses are single-stranded, enveloped RNA viruses 
80–120 nm in diameter and they are classified into four 
groups: α, β, γ and δ. Prior to the identification of COVID-
19, only six types of coronavirus could infect humans, and 
COVID-19, a member of the β-coronavirus family, was the 
seventh. Of these viruses, four coronaviruses, HCoV-OC43, 
HCoV-229E, HCoV-NL63 and HCoVHKU1, they are less 
pathogenic and cause only mild respiratory diseases, but the 
two coronaviruses, SARS-CoV and MERS-CoV, are better 
than humans, respectively. They transmitted two fatal epi-
demics. Meanwhile, the homology and pathogenesis mecha-
nism of SARS-CoV is very similar to COVID-19. Due to 
the adaptation of COVID-19 in bats, which have a higher 

temperature than the human body, this virus is more resistant 
to temperature than SARS-CoV [3, 19].

Coronavirus has four major structural proteins called 
S (Spike), E (Envelope), N (Nucleocapsid) and M (Mem-
brane) as shown in Fig. 1. COVID-19 uses angiotensin-
converting enzyme-type-2 (ACE2) as a receptor and 
infects cells with ACE2 via a receptor-binding domain 
(RBD) in the spike protein. The ACE2 receptor is found 
in alveolar cells, myocytes and vascular endothelial cells 
due to the high affinity of COVID-19 for ACE2. Geni-
tal pathology, including testes and ovaries, is also effec-
tive. COVID-19 probably affects sperm production and 
reduces its number, and also produces sex hormones and 
can reduce sexual desire [20, 21].

Spike is a homotrimer S glycoprotein that binds to the 
type-1 integral membrane in ACE2; then, pH-dependent 
endocytosis occurs. The acidic pH of lysosomes and 
endosomes activates the enzymes cathepsin B and L and 
breaks down S glycoprotein into two subunits, S1 and S2. 
Subunit S1 is used for binding and S2 for integration with 
the host cell membrane. The virus also needs an acidic 
environment with a pH of about 3 to enter the cell cytosol. 
In the cell cytoplasm, the virus begins to multiply with the 
help of its RNA polymerase, which infects infected cells 
after leaving the cell. Host cells also cause the membrane 
to attach to adjacent cells by forming spike proteins on 
their surface, creating a syncytium. In addition to disrupt-
ing the function of the organ involved, the formation of 
cynicium also provides the basis for further spread of the 
virus and escape from the immune system [8, 22, 23]. By 
creating bilayer vesicles, coronaviruses block the expres-
sion of pattern recognition receptors (PRRs) and, as a 
result, their natural immune system does not know them 
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Fig. 1  A Schematic structure 
of coronaviruses [127]. B 
Schematic representation of the 
genome organization and func-
tional domains of S protein for 
SARS-CoV, MERS-CoV and 
SARS-CoV-2. Reproduced with 
permission from [127, 128]. 
The genomes of CoVs consist 
of 2 partially overlapping 
replicase open reading frames 
(OFR1a and 1b) and several 
downstream ORFs that encode 
viral functional structural 
proteins and other proteins with 
unknown function. 50-UTR and 
30-UTR, untranslated regions at 
the N and C-terminal regions, 
respectively. Kb, kilobase; 
pair SP, signal peptide; NTD, 
the N-terminal domain; RBD, 
receptor-binding domain; RBM, 
receptor-binding motif; FP, 
fusion peptide; HR1 and HR2, 
heptad repeat 1 and 2; TM, 
transmembrane domain; CP, 
cytoplasmic domain
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and continue to multiply within the vesicles. They disrupt 
the manufacture of type I interferons as one of the most 
important antiviral agents. Coronaviruses also interfere 
with the delivery of antigen by immune cells [23].

In a study using protected amplitude analysis, homolo-
gous modelling and molecular docking techniques, Liu 
and colleagues showed that ORF8 (open reading frame) 
domains and COVID-19 surface glycoproteins could bind 
to porphyrubin in porphyrubin. The ORF1ab, ORF10 and 
ORF3a domains of the virus can also remove iron from 
porphyrins. They claimed that chloroquine could block 
the release of iron by binding to the ORF1ab, ORF10 
and ORF3a domains, thereby helping red blood cells to 
properly load oxygen. The ORF1ab domain is a coronavi-
rus-specific protein that plays an important role in RNA 
replication and virus replication. Therefore, ORF1ab is 
a target for vaccine production and drug design. Haemo-
globin is made up of two alpha globulin chains and two 
beta-globulin chains that bind together. Each haemoglobin 
molecule has one globin molecule and four heme mol-
ecules, so that each heme molecule is attached to one of 
the globin chains. Heme is composed of a porphyrin ring 
with a divalent iron atom at its centre [11, 24].

Types of coronavirus

Coronaviruses are classified into four subtypes: alpha, beta, 
gamma and delta, which scientists use these classifications 
to classify different species. Seven coronaviruses have been 
linked to human disease. The upper and lower airways, 
nose, sinuses, mouth and lungs are affected by four of these, 
including human coronavirus 229E and NL63 (which belong 
to alpha-CoVs) [25], as well as human coronavirus OC43, 
and HKU1 (which belong to beta-CoVs) [26] as shown in 
Fig. 2. These viruses are widespread in the world, account-
ing for 15–30% of all common colds. They only spread to 
the lower respiratory tract in a small percentage of cases.

Three more coronaviruses emerged from animal infec-
tions. These viruses developed over time and were ultimately 
passed on to humans. These coronaviruses are more harmful 
to people’s health. They are listed as below:

• Severe acute respiratory syndrome coronavirus (SARS-
CoV), which caused the SARS epidemic in 2002–2003 
[27].

Fig. 2  Phylogenetic tree of 
coronaviruses (CoVs) based 
on the nucleotide sequences 
of RNA-dependent RNA 
polymerase (RdRp). The tree, 
with 1000 bootstrap values, was 
constructed by the maximum 
likelihood method using MEGA 
6. The four main phylogenetic 
clusters correspond to genera 
alpha-CoV, beta-CoV, gamma-
CoV and delta-CoV. Each CoV 
genus contains different subgen-
era. The letters in blue indicate 
human CoVs. Reproduced with 
permission from [127]
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• Middle East respiratory syndrome coronavirus (MERS-
CoV), which caused a MERS outbreak that started in 
2012 [28].

• The virus that caused the COVID-19 pandemic was 
SARS-CoV-2 [13].

Origin and spread of COVID‑19

Coronaviruses, which are single-stranded and positive-sense 
RNA viruses, have the longest genome of any known RNA 
virus, with a genomic content (GC) ranging from 32 to 43% 
[29]. They have a spherical shape with protruding branches 
and a crown, and this spatial shape has led to the naming 
of this viral family as coronavirus. The root of this name is 
derived from the Latin word corona, meaning crown [30]. 
Coronaviruses cause 15% of respiratory illnesses and usually 
do not cause an acute form of the disease, but they can cause 
mild upper respiratory infections. This viral family infects 
a wide range of animals (mammals) and humans [30, 31].

According to research on coronaviruses since 1965, these 
viruses have the potential to infect animals and humans, and 
some have the ability to transmit from animals to humans 
or vice versa [32]. Studies since the SARS epidemic have 
shown that bats carry various coronaviruses that have the 
potential to infect humans [30]. Researchers extracted the 
genetic material of the new virus from people who studied 
it and found that the new corona virus had a similar ori-
gin to the SARS virus and may have originated in bats or 
snakes, but that other animals could still be mediated hosts 
[13]. These viruses change in the bat’s body, and the bat 
itself does not show any signs of disease, making it easier 
to transmit the virus. Usually, in viruses that are transmitted 
from animals to humans, other human-to-human transmis-
sion does not occur or rarely occurs, but there are exceptions. 
Some animal viruses that can be transmitted from human to 
human, such as the human immunodeficiency virus (HIV), 
the Ebola virus (EBOLA) and some coronaviruses, can 
cause more deadly disease. When these viruses first infect 
human society, there is usually no cure or vaccine against 
them; thus, early generations of the outbreak can be fatal and 
cause significant casualties, as has been observed during the 
HIV and EBOLA epidemics [30].

Clinical features

The most common clinical signs of COVID-19 infection 
are fever (9.87%), cough (7.67%) and fatigue (1.38%); 
diarrhoea (7.3%) and vomiting (5%) are rare symptoms 
that are similar to other coronaviruses of animal origin. 
Acute respiratory distress syndrome (ARDS) occurs about 
9 days after the onset of infection. Except for the lungs, 

the virus damages other tissues, including the heart, kid-
neys, liver, eyes and nervous system [33]. Dizziness, for-
getfulness, weakening and disappearance of olfactory and 
taste powers, and nerve pain up to seizures and strokes are 
among the neurological symptoms of this virus, which are 
related to hypoxia and inflammation of the brain. Inflam-
mation of the brain can be indirectly caused by a cytokine 
storm (autoimmune encephalitis) or directly caused by a 
broken blood–brain barrier by a virus (viral encephalitis) 
[34, 35]. COVID-19 also causes cardiovascular complica-
tions by causing thrombosis in the arteries and veins. The 
mechanism of thrombosis in this disease is inflammation, 
platelet activation, vascular dysfunction and vasoconstric-
tion. On this basis, antithrombotic drugs are prescribed to 
patients [36]. Some people with COVID-19 also experi-
ence other viral infections, the most common of which 
are respiratory syncytial virus, rhinovirus, enterovirus 
and SARS-CoV-2 coronaviridae [37]. Lymphopenia, 
thrombocytopenia, elevated levels of D-dimer, c-reactive 
protein (CRP), erythrocyte sedimentation rate (ESR), 
lactate dehydrogenase (LDH), creatine kinase (CK), fer-
ritin and prolonged prothrombin time (PT) are seen in a 
significant number of patients, while elevated levels of 
transaminases, cardiac enzymes and creatinine are lower. 
Thrombocytopenia and high D-dimer levels increase the 
need for a ventilator, ICU admission and mortality. High 
levels of interleukin 6 (IL-6) and IL-10, as well as low 
levels of CD4 + T and CD8 + T cells, are consistent with 
the severity of the disease. CD8 + T cells, which are the 
most important virus-killing cells in the immune system, 
increase the number of CD8 + markers on their surface to 
compensate for their decline to maximize their activity. 
CD8 + T cells work with human leukocyte antigen (HLA) 
class I and CD4 + T cells work with HLA class II. HLA is 
inherited from one’s parents and makes people more sus-
ceptible or resistant to certain pathogens. Decreasing the 
number of CD4 + T cells can interfere with the production 
of B memory cells [17, 38–40]. In this disease, the window 
period lasts about 7 days and that is when the antibody has 
not been made yet. IgM is synthesized as the first anti-
body on the seventh day and disappears around the 21st 
day of the disease. IgG begins to be synthesized on day 
14 and production continues. The asymptomatic period is 
from the time of infection until the fifth day and the onset 
period of clinical symptoms is from the fifth to the eighth 
day. The disease begins to subside on day 14, which cor-
responds to the onset of a humoral immune response shift 
from IgM to IgG. The disease resolves by day 28. Not all 
antibodies produced against the corona virus are neutral-
izing or neutralizing the virus, and in some cases even 
increase the infection of antibody receptor (FcR) cells, 
including macrophages. Dysfunctional (non-neutralizing) 
antibodies bind to the virus via their own Fab and via their 
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Fc to cells with FcR. In fact, the antibody complex with 
FcR mimics the role of the virus receptor for the virus to 
enter the cell [41, 42].

Epidemiology and pathogenesis

Coronavirus has increased interspecific transmission due to 
its extensive genetic diversity and frequent recombination 
[43]. The natural host of the virus is the bat, and penguins 
and snakes act as intermediate hosts. The first transfer took 
place through the use of natural hosts and interfaces. Direct 
and respiratory contact drops are the most common ways of 
transmitting the virus in society. It has an average incuba-
tion period of 3 days (ranging from 0 to 24 days), and the 
average time from the onset of the first symptom to death 
is 14 days [1, 44]. Fortunately, intrauterine transmission 
of the virus from an infected mother to the foetus has not 
been reported [45]. COVID-19 is coated and less stable than 
uncovered viruses in the gastrointestinal tract, and therefore 
less likely to contaminate surface and groundwater. The risk 
of transmitting the virus through the faeces of an infected 
person is also low. High temperatures, low or high pH and 
sunlight reduce the number of viruses. The survival rate of 
the virus varies at different levels between 2 h and 9 days. 
Factors affecting the survival of the virus are surface type, 
temperature and relative humidity. Common disinfectants 
such as ethanol kill 70% and hypochlorite kills 0.1% of the 
virus within 1 min [46]. Asymptomatic carriers play a major 
role in the transmission of the disease from person to person. 
Information about carriers of the disease who do not show 
symptoms is limited. People under the age of 15 make up a 
significant percentage of these carriers. Clinical signs and 
CT imaging do not assist much in distinguishing asympto-
matic carriers, and the best way to distinguish these indi-
viduals is with real-time PCR, because most of them have 
no clinical signs and a normal CT image [41].

Bioanalytical diagnostic methods

Prior to testing, proper collection of the respiratory tract 
sample at the appropriate time and from the appropriate ana-
tomical location is critical for rapid and accurate molecular 
diagnosis of the virus. Five to six days after the onset of the 
disease, the virus level in the upper and lower respiratory 
tract is high and nasopharyngeal and oropharyngeal swab 
specimens are appropriate. When sampling is delayed, the 
best sample is obtained from the lower respiratory tract 
through bronchoalveolar lavage. Exposure of the swab or 
sample for 30 min at 56 °C destroys the virus RNA and 
shows false-negative results in real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR). After the test, the 

most important thing is to accurately interpret the results 
using molecular and serological methods together [23, 47].

Detection of virus nucleic acids by real-time RT-PCR is 
a standard method for determining coronavirus infection, 
although this method has a high specificity as well as low 
sensitivity, so it has a false negative and is time-consuming 
[48]. Negative results led to the conclusion that the com-
bined use of CT imaging and laboratory tests could help in 
the early distinguish of COVID-19 pneumonia. Antibody-
based immunoassay techniques are complemented by molec-
ular techniques as complementary tools. These techniques 
are fast and inexpensive, but have low sensitivity and are 
the best tools in epidemiological studies of the disease and 
diagnosis of asymptomatic patients.

For molecular detection, the WHO recommends screen-
ing the sample with the Envelope corona gene and then con-
firming it with the RdRp gene (RNA-dependent RNA poly-
merase). In the USA, two proteins, N1 and Nucleocapsid N2 
(virus), are being tested. In the immunoassay method, anti-N 
protein antibody, which is an immunodominant antigen, is 
used for early detection of the disease [47].

Biosensors

Several molecular diagnostic platforms are being used for 
diagnosing SARS-CoV-2, such as polymerase chain reaction 
(PCR) and quantitative real-time PCR (qRT-PCR), clustered 
regularly interspaced short palindromic repeats (CRISPR), 
computed tomography imaging (CT imaging) and reverse 
transcription loop-mediated isothermal amplification (RT-
LAMP). RT-PCR testing has become employed as one of 
the most reliable ways for detecting novel viruses; neverthe-
less, this procedure is time-consuming, labour-intensive and 
needs the employment of qualified laboratory employees. 
Furthermore, false negatives have been documented despite 
its high sensitivity and specificity, particularly in non-
nasopharyngeal swab samples with lower virus loads [49]. 
Therefore, providing individuals in underdeveloped nations 
with mass testing is difficult. On the other hand, many 
serology biosensors are now being used for SARS-CoV-2 
diagnostics, such as electrochemical, optical, microfluidic 
and lateral flow immunoassay (LFIA). Biosensor science is 
interdisciplinary between biology, chemistry, electronics and 
engineering that is currently one of the most attractive and 
dynamic fields of research in analytical chemistry. There is 
usually no need to prepare a sample when using biosensors. 
Biosensors are generally evaluated based on sensitivity, limit 
of detection (LOD), linear range, reproducibility, selection 
and interference response [50, 51]. Biosensors are capable of 
real-time analysis, so they are important for the rapid meas-
urement of body analytes. Biosensors promise cheap, fast 
and simple tools. They are a wide range of emerging tech-
nologies that are ideally suited for health analysis [52–54].
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Electrochemical biosensors

Electrochemical biosensors are a subset of sensors that are 
more popular than other methods due to their lower-cost, 
portability and lower diagnostics. The electrochemical 
reaction is performed on the electrode surface. To session 
the growing demand for hypersensitivity, researchers have 
developed several electrochemical methods for producing 
nanocomposite-based electrochemical sensors. With remark-
able success, nanoscience and nanotechnology have dem-
onstrated that nanomaterial-based electrochemical signal 
reinforcement has considerable potential to improve both 
sensitivity and selectivity for electrochemical sensors and 
biosensors. Furthermore, it can be used to construct modern 
and modified sensing devices, in particular electrochemical 
sensors and biosensors [53, 55–60].

As compared to other biosensors, electrochemical trans-
duction has many advantages, including low cost, ease of 
miniaturization for point of care (POC) use, high sensitivity 
and relatively easy instrumentation. Electrochemical biosen-
sors (especially based on differential pulse voltammetric and 
amperometric detection techniques) normally use an electro-
active label since antibody/antigen and DNA hybridization 
reactions do not produce a significant signal on their own. 
As a redox probe, ferro/ferricyanide is used in several stud-
ies recorded in the literature. The major drawbacks of this 
form of biosensor are current signals resulting from non-
specific adsorption of proteins or other biomaterials, as well 
as biofouling of the electrode surface. In 2021, Yakoh et al. 
have shown an advantageous paper-based electrochemical 
platform for diagnosing COVID-19. The sensing scheme 
depends on the disruption of the redox conversion ([Fe 
(CN)6]3−/4−) caused by immunocomplex formation between 
the captured immunoglobulins generated in response to 
SARS-CoV-2 in humans with the immobilized spike protein 
of SARS-CoV-2. Because of the label-free electrochemical 
system, no antibodies are needed in this work, unlike other 
lateral flow immunoassay (LFIA) platforms that use multi-
ple antibodies to control the reporter. The colorimetric LFA 
was found to be more sensitive (3 orders of magnitude) than 
the rapid (30 min) and sensitive detection of SARS-CoV-2 
antibodies, with a detection limit of 1 ng/mL. Furthermore, 
this paper-based device has adequate sensitivity and speci-
ficity for detecting targeted antibodies in clinical sera from 
patients (100% and 90%, respectively). They improved the 
functionality of the paper-based electrochemical platform by 
allowing direct detection of the SARS-CoV-2 spike protein 
antigen [61].

Alafeef et al. developed a low-cost, fast (less than 5 min) 
and simple-to-implement paper-based electrochemical sen-
sor chip for the digital sensing of SARS-CoV-2 genetic 
content. The biosensor employs gold nanoparticles, cap-
tured with highly specific ssDNA (specific antisense 

oligonucleotides), aimed at phosphoprotein virus nucleocap-
sides (N-gene) as shown in Fig. 3A. The sensing samples 
are immobilized to produce a nuclear acid testing device, 
which can be read with a single, readable manual reader, 
on a paper-based electrochemical platform. Samples from 
Vero cells infected with the SARS-CoV-2 virus and biologi-
cal fluids have been tested for the biological sensor chip. In 
the presence of a target (SARS-CoV-2 RNA), the sensor 
significantly improves the output signal after less than 5 min 
of incubation (Fig. 3B), resulting in an LOD of 6.9 copies/
µL and a sensitivity value of 231 (copies µL−1) −1 with-
out the need for further amplification. The performance of 
the sensor chip has been evaluated by a clinically validated 
FDA-approved RT-PCR COVID-19 diagnostic kit with 22 
COVID-19-positive patients and 26 healthy asymptomatic 
individuals. With approximately 100% accuracy, sensitiv-
ity and specificity, the sensor reliably separates positive 
samples of COVID-19 from negative samples and shows 
a small increase in the output signal for samples with no 
SARS-CoV-2 viral target (e.g. MERS-CoV, SARS-CoV or 
negative COVID-19 samples collected from healthy people) 
as shown in Fig. 3C. The sensor is also assured by the design 
of the ssDNA-conjugated AuNPs, which target two distinct 
areas with the identical SARS-CoV-2 N gene, even during 
a genome mutation by the virus [62].

Fabiani et al. reported an electrochemical immunoassay 
to identify SARS-CoV-2 coronavirus in saliva in a quick and 
accurate manner. The electrochemical approach is based on 
the use of secondary antibodies with alkaline phosphatase 
and magnetic beads as immunological labels and immu-
nological chain support, respectively, to identify spike (S) 
or nucleocapsid (N) proteins. Carbon black nanomaterial-
modified screen-printed electrodes were used to detect the 
enzymatic by-product 1-naphtol. The analytical properties 
of the electrochemical immune test were examined in the 
case of the S and N protein standard solution in buffer and 
non-treated saliva with a detection limit of 19 ng/mL and 
8 ng/mL in untreated saliva, respectively in respect of S and 
N protein. Its efficacy has been evaluated in biosafety level 
3 using cultured viruses with the comparison of data using 
real-time PCR nasopharyngeal swab. This analysis tool has 
a high potential for market entry as the first highly sensitive 
electrochemical immunoassay for the detection of SARS-
CoV-2, thanks to its data agreement, low-detection limit, 
rapid analysis (30 min), miniaturization and portability com-
bined with ease of use and non-invasive sampling [63].

Some of the bioanalytical methods used for the detection 
of SARS-CoV-2 are given in Table S1.

Optical biosensors

Optical biosensors are based on changes in optical proper-
ties, and are a powerful tool in identification and analysis in 
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different aspects such as biomedicine, health, pharmaceuti-
cals, environmental monitoring and security [64].

Optical biosensors are resistant to electromagnetic inter-
ference and can also be operated remotely due to this resist-
ance. In fluorescence-based identification, both the target 
molecule and the biomarker are labelled with fluorescent 
labels such as dyes, and the intensity of the fluorescence 
indicates the presence of target molecules and the strong 
bond between the biosensor molecules and the target. 
Although fluorescence detection is sensitive, it is limited 
to the detection of a single molecule. The molecule label-
ling step impairs the function of the molecule, and the 
number of fluorophores on each molecule is not properly 
controlled, interfering with quantitative calculations. Unlike 
the fluorescence method, in free-label detection, the target 
molecules are not altered or labelled and are detected in 
their natural state. This method of identification is relatively 
easy and inexpensive and allows the quantitative and kinetic 

measurement of intermolecular interactions. This method 
of identification is the basis of the work of biosensors of 
surface plasmon resonance [65, 66]. Optical biosensors are 
very important for detecting pathogenic bacteria due to their 
sensitivity. The most common methods of optical detection 
are surface plasmon resonance and fluorescence. In addition 
to these methods, the use of fibre optics, lasers and prisms 
are also used to identify pathogens [67].

Optical biosensors are very important for detecting patho-
genic bacteria and viruses due to their sensitivity. The most 
common methods of optical detection are surface plasmon 
resonance (SPR) and fluorescence. The localized surface 
plasmon resonance (LSPR) detection concept is based on 
the local refractive index changes surrounding the metal 
nanostructures owing to the biomolecule binding events 
(i.e. antigen–antibody interaction). This causes a red shift 
of the noble metal nanostructure LSPR peak, which pro-
portionates directly to the antibody level of the target [68]. 

Fig. 3  A Schematic illustrations of the principle of the COVID-19 
electrochemical sensing platform. B Sensor output signal as a func-
tion of time with the addition of SARS-CoV-2 viral RNA load. C 

Real-time response of the sensor chip toward COVID-19-positive 
clinical samples and healthy samples. Reproduced with permission 
from [62]
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Another benefit of LSPR-based sensing is that the short 
electromagnetic field decay duration in localized surface 
plasmons substantially decreases the interfering influences 
on the bulk solution, which is desired in the analysis of com-
plicated samples like fibrinogen-containing blood plasma or 
serum and globulins [69]. In addition to these methods, the 
use of fibre optics, lasers and prisms are also used to identify 
pathogens. The SARS-CoV-2 detection by the “naked eye” 
is highly desirable, and it can be validated without the use of 
advanced instrumental methods. In this regard, Moitra et al. 
reported the development of a colorimetric assay based on 
gold nanoparticles (AuNPs) that, when capped with suitably 
developed thiol-modified antisense oligonucleotides (ASOs) 
specific for the SARS-CoV-2 N-gene (nucleocapsid phos-
phoprotein), could be used to diagnose positive COVID-19 
cases within 10 min from isolated RNA samples. In the pres-
ence of its target RNA sequence of SARS-CoV-2, the thiol-
modified ASO-capped AuNPs agglomerate selectively and 
exhibit a change in surface plasmon resonance. Furthermore, 
the addition of RNaseH cleaves the RNA strand from the 
RNA–DNA hybrid, resulting in a visually visible precipitate 
from the solution, which is mediated by additional AuNP 
agglomeration. The assay’s selectivity was tested in the 
presence of MERS-CoV viral RNA, with a detection limit 
of 0.18 ng/L of RNA with SARS-CoV-2 viral load. Thus, 
without the use of sophisticated instrumental techniques, 
the current study reports a selective and visual “naked-eye” 
detection of COVID-19 causative virus, SARS-CoV-2 [70].

Funari et al. designed an opto-microfluidic sensing device 
for the detection of antibodies against SARS-CoV-2 spike 
protein based on the LSPR principles. This optofluidic tech-
nology comprises of an Au nanospike-coated glass substrate 
embedded in a microfluidic chip connected with a reflec-
tion probe for monitoring the presence of antibodies against 
the SARS-CoV-2 spike protein in diluted human plasma 
(1:1000) within 30 min. The LSPR wavelength peak shift of 
gold nanospikes induced by the local refractive index change 
owing to antigen–antibody interaction could be associated 
with the target antibody concentration. The LOD of this 
label-free microfluidic platform is 0.08 ng/mL (0.5 pM), 
which is below the clinically relevant concentration range. 
The proposed opto-microfluidic technology can be used as a 
point-of-care testing tool to supplement traditional serologi-
cal assays and make quantitative SARS-CoV-2 diagnoses 
simpler, faster and cheaper [71].

Qiu et al. proposed an alternative and promising approach 
for clinical diagnoses COVID-19 via the combination of 
the plasmonic photothermal (PPT) effect with the LSPR 
sensing transduction. Through nucleic acid hybridization, 
two-dimensional gold nanoislands (AuNIs) functionalized 
with complementary DNA receptors may detect targeted 
sequences from the SARS-CoV-2. The thermoplasmonic 
heat is produced by its plasmonic resonance frequency on 

the same AuNI chip to improve sensing performance. The 
localized PPT heat allows the hybridisation of two simi-
lar gene sequences in situ to increase and improve precise 
discrimination. Our dual-function LSPR biosensor dem-
onstrates an increased sensitivity for chosen SARS-CoV-2 
sequences with a lower level of detection up to 0.22 pM 
and allows the specified target to be accurately detected in 
a multigene mixture. The study provides insight into the 
improvement of thermoplasmonics and its usefulness in the 
testing for nucleic acid and detection of viral diseases [72].

In another work, Qiu et al. demonstrated a thermoplas-
monic-assisted dual-mode transducing (TP-DMT) concept 
to provide a sensible and self-validating plasmonic nano-
platform for quantifying SARS-CoV-2 trace amounts for a 
period of 30 min, using an amplification-free direct viral 
RNA detection and an amplification-based cyclic fluores-
cence probe cleavage detection (CFPC). Endonuclease IV 
identified the synthetic abasic site in the CFPC detection 
and cleavaged the fluorescent samples of the hybridized 
duplex. The shorter fluorescent probes were dehybridized by 
nanoscale thermoplasmonic heating, which aided the cycli-
cal binding–cleavage–dissociation (BCD) process, which 
may give a very sensitive amplification-based response. 
This TP-DMT method was effectively verified by analyzing 
clinical COVID-19 patient samples, indicating that it may 
be used for rapid clinical infection screening and real-time 
environmental monitoring [73].

Peng et al. have developed a unique phase-modulation 
plasmonic biosensor that works in the near-infrared (NIR) 
range and can be used to sensitively detect SARS-CoV-2 
and its spike (S) glycoprotein. The suggested plasmonic bio-
sensor was developed by integrating the transparent indium 
tin oxide (ITO) film with the two-dimensional (2D) Van 
der Waals heterostructures such as tellurene and carbox-
ylic functionalized molybdenum disulphide  (MoS2). Under 
excitation of 1550 nm, the thickness of the ITO film and tel-
lurene-MoS2 heterostructures may be optimized, resulting in 
outstanding biosensing performance. The optimal plasminic 
configuration of 121 nm ITO film/3-layer tellurene/10-layer 
 MoS2-COOH can provide a maximum detecting sensitivity 
of 8.4 ×  104 degrees/RIU for a sensing interface refractive 
index that changes to as low as 0.0012 RIU (RIU, refrac-
tive index unit). More significant, a  MoS2, COOH layer, 
which is an excellent adsorption place to selectively bind 
SAR S-CoV-2 S glycoprotein, may capture angiotensin-
converting enzyme II. The linear detection range of glyco-
protein S and SARS-CoV-2 samples is 0.00–301.67 nM and 
0.00–67.88 nM, respectively. As a result, this work provides 
an alternate method for swiftly diagnosing new coronavi-
ruses in clinical settings [74].

One approach developed by Karakuş et al. is the colori-
metric and electrochemical detection of SARS-CoV-2 spike 
antigen with gold nanoparticle-based biosensors. Due to 
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antibody–antigen interaction, gold nanoparticles aggregated 
swiftly and permanently in the presence of the SARS-CoV-2 
spike antigen, changing colour from red to purple, as clearly 
visible with the naked eye or UV–Vis spectrometry through 
spectral red shifting with an LOD of 48 ng/mL. Further-
more, electrochemical detection was accomplished by sim-
ply dropping produced probe solution (gold nanoparticles 
(AuNPs)–SARS-CoV-2 spike monoclonal antibody (mAb) 
(AuNP–mAb)) onto a commercially available and disposable 
screen-printed gold electrode, which required no electrode 
preparation and modification, taking only a few minutes. 
The approach detected SARS-CoV-2 spike antigen at 1 pg/
mL and demonstrated a linear response to the antigen at 
concentrations ranging from 1 pg/mL to 10 ng/mL. Even at 
high concentrations, both techniques were highly specific 
for identifying the SARS-CoV-2 spike antigen but not for 
other antigens such as Influenza A (H1N1), MERS-CoV or 
Streptococcus pneumoniae [75].

El-Said et al. synthesized reduced porous graphene oxide 
(rPGO) coated with gold nanoparticles (Au NPs) for the 
modification of ITO electrode. The extremely uniform Au 
NPs@rPGO-modified ITO electrode was then employed as a 
surface-enhanced Raman spectroscopy-active surface as well 
as a working electrode. The combination of Au nanoparticles 
and porous graphene improves Raman signals as well as 
electrochemical conductivity. The COVID-19 protein-based 
biosensor was designed by immobilising anti-COVID-19 
antibodies onto a modified electrode and using it as a probe 
to capture the COVID-19 protein. The developed biosensor 
demonstrated the capacity to monitor the COVID-19 pro-
tein at concentrations ranging from 100 nmol/L to 1 pmol/L, 
with a limit of detection (LOD) of 75 fmol/L. Additionally, 
COVID-19 protein was identified using electrochemical 
methods at concentrations ranging from 100 nmol/L to 500 
fmol/L, with an LOD of 39.5 fmol/L. Finally, three COVID-
19 protein concentrations spiked in human serum were 
examined. As a result, the current sensor detected COVID-
19 with great efficiency [76].

Piezoelectric biosensors

A piezoelectric (PZ) sensor is an effective device that meas-
ures variations in pressure, temperature, acceleration, force 
or strain and converts these changes into an electrical signal 
using the piezoelectric effect. An antibody-coated piezoelec-
tric sensor increases the mass of the crystal surface by plac-
ing it in a solution containing antigens and binding between 
the antigen and the antibody, which changes the frequency. 
The most common piezoelectric materials include  SiO2 and 
 LiTaO3. In a piezoelectric sensor, the surface used must have 
chemical resistance and a high level of stabilized biologi-
cally active agents. In addition, the surface coating should 
be as thin as possible [77]. Compared to electrochemical and 

fibre optic sensors, these types of sensors are used to a lesser 
extent to identify pathogens [67]. The difficulty of coating 
and stabilizing biological agents on the crystal surface is 
an important factor in the limitations of these sensors [78].

Piezoelectric quartz crystal nanobiosensors have received 
a great level of interest for chemical and biological appli-
cations, in particular for the detection of viruses [79, 80], 
because of their simple model, immediate identification 
and real-time output. “Bulk wave” (BW) and surface acous-
tic wave (SAW) are the two kinds of piezoelectric sensors 
[81, 82]. These biosensors can detect biological entities and 
convert mechanical energy into electricity, resulting in a 
useable energy output for the user in response to a speci-
fied measurement input [81]. For example, a piezoelectric 
immunosensor has also been presented to detect SARS-CoV 
in the gas phase of sputum. PZ polyclonal antibodies against 
SARS-CoV were attached to the surface of a PZ crystal in an 
oriented state via protein A to create this biosensor. The anti-
gen sample, on the other hand, was atomized into an aerosol 
using an ultrasonicator, allowing the antibodies on the PZ 
crystal’s surface to specifically adsorb the SARS-CoV anti-
gen, resulting in a change in crystal mass and, potentially, a 
change in frequency. Changes in frequency at optimal condi-
tions were linearly related to antigen concentrations ranging 
from 0.6 to 4 g/mL. The device has a short analyzing time 
(less than 2 min), is feasible, specific, simple, stable (the 
immunosensor has been stable for more than 2 months when 
stored at 4–6 °C over silica gel blue) and has high reproduc-
ibility [83].

Field‑effect transistor biosensor

The field-effect transistor (FET) is a kind of transistor used 
for controlling current flows in a two-dimensional (2D) 
semiconductor (e.g. black phosphorous (BP),  MoS2 and gra-
phene) using an electric field. FETs are 3-terminal devices 
consisting of a source, a gate and a drain. Applying a voltage 
to the gateway that affects the conductivity between the drain 
and the source controls the current flow in FETs. The bio-
sensor for the FET (Bio-FET) consists of a layer of isolation 
(for example,  SiO2), which is selected as a transducer from 
the biological recognition element to the target molecule. 
Once charged molecules, such as biomolecules, attach to the 
FET gate, which is typically made of a dielectric compound, 
the charge distribution of the underlying semiconductor 
material changes, resulting in a change in channel conduc-
tion [84]. Ease of use, cheap cost and fast response are all 
advantages of FET sensors, which are monitored in real time 
with low-cost metres that can be calibrated for various appli-
cations. By anchoring particular probes on the conducting 
channel, FET biosensors may achieve high sensitivity and 
selectivity for specific biomolecules, which is a crucial fac-
tor for FET sensor performance [85]. A Bio-FET is made up 
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of two primary compartments: one for organic recognition 
and the other for field-effect transistors. For the detection of 
SARS-CoV-2 in medical samples, a FET-based biosensing 
device was designed by Kim and co-workers (Fig. 4). The 
FET graphene sheets were coated with a specific antibody 
against SARS-CoV-2 spike protein to create the sensor. 
Antigen protein, cultured virus and nasopharyngeal swab 
specimens from COVID-19 patients were used to test the 
sensor’s functionality. At quantities of 1 fg/mL in phosphate-
buffered saline and 100 fg/mL in clinical transport medium, 
the proposed FET device detected the SARS-CoV-2 spike 
protein. Furthermore, the FET sensor effectively identified 
SARS-CoV-2 in both culture media (LOD: 1.6 ×  101 pfu/
mL) and clinical samples (LOD: 2.42 ×  102 copies/mL). This 
device is an immunologically highly sensitive method for 
diagnosing COVID-19 that does not need pretreatment or 
labelling [86].

Wearable, microfluidic and smart (nano)biosensors

The development of nanotechnology has led to the produc-
tion of nanoscale biosensors that are extremely sensitive and 
adaptable. The purpose of nanosensors is to find biochemi-
cal and biophysical signals related to a particular disease at 
the level of a molecule or cell. Detection of disease-related 
biomolecules, such as disease-particular metabolites, nucleic 
acids and proteins, is essential for biomedical research 
involving drug discovery. Advances in nanotechnology are 
rapidly improving our current diagnostic biological speed in 
terms of features, speed and cost by increasing sensitivity 
and reducing instrument size. The reduced sensor size pro-
vides high flexibility for use in multiple, portable, wearable 
and even implantable medical devices. Biomedical applica-
tions of nanosensors are widespread [87].

Customized point of care (POC), without the need of 
complex tools, offers quick access to health monitoring. 

Recently, miniaturized biosensors with portable character-
istics have been increasingly employed as POC devices for 
their reliable, sensitive and quick detection [88]. Wearable 
biosensors deliver continuous and real-time physiological 
information through dynamic and non-invasive evaluations 
of biochemical markers in biological liquids such as sweat, 
tears, saliva and interstitial liquids. The changes, along 
with electrochemical and optical biosensors, have intensi-
fied with the development of non-invasive monitoring of 
biomarkers such as metabolites, bacteria and hormones. 
Wearable biosensors are promising, but better acceptance 
of the relationship between the concentration of analytes 
in the blood and non-invasive fluids is needed to increase 
confidence. A wide range of bio-correlation methods in 
the body and more measurement strategies are required to 
examine more biomarkers. Accurate and reliable real-time 
measurement of physiological information using wearable 
biosensor technologies will have a profound effect on daily 
life [89].

The use of a testing instrument that allows for on-site 
virus identification could cut down on sample-to-answer 
time, which is crucial in preventing the pandemic. Xue 
et al. suggested an intelligent face mask that included a 
flexible immunosensor based on a high-density conductive 
nanowire array, a downsized impedance circuit and wireless 
communication components (Fig. 5). The nanowire arrays’ 
sub-100 nm size and the distance between neighbouring 
nanowires make it easier to confine tiny virus particles and 
boost detection efficiency. In simulated human breath, a 
point-of-care (POC) device was used to identify coronavirus 
“spike” protein and complete virus aerosol. In approximately 
5 min, viral concentrations as low as 7 pfu/mL were detected 
from an atomized sample of coronavirus aerosol mimic. The 
POC systems can be used on-site for basic screening of coro-
navirus infections and may aid in understanding the course 
of COVID-19 while a patient is on treatment [90].

Fig. 4  Scheme of the COVID-
19 field-effect transistor (FET)-
based biosensor. Reproduced 
with permission from [86]
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A cotton-tipped electrochemical immunosensor for 
detecting the virus antigen of the SARS-CoV-2 was devel-
oped by Eissa et  al. [90]. Unlike previously described 
methods, we combined sample collection and detection 
instruments on a single platform by coating screen-printed 
electrodes with absorbent cotton padding. The immunosen-
sor was created by immobilising the viral nucleocapsid (N) 
protein on carbon nanofiber-modified screen-printed elec-
trodes and functionalizing them with diazonium electro-
grafting. Swabbing was used to identify the virus antigen, 

which was then followed by a competitive assay with a set 
amount of N protein antibody in the solution. A voltammet-
ric square wave detection technique was utilized. The detec-
tion limit was 0.8 pg/mL for SARS-CoV-2, suggesting very 
excellent sensitivity to the sensor for the electrochemical 
biosensor. The biosensor displayed no significant over-reac-
tivity, indicating high selectivity with other viral antigens 
such as influenza A and HCoV. In addition, the biosensor 
was successfully employed in spike samples, demonstrating 
good recovery percentages (91–95.5%) for the identification 

Fig. 5  Schematic representation of A the design nanoscale sensor 
includes PET, gold lead, porous membrane, nanowires array, anti-S, 
Sav and virus particle. B Virus sensing mechanism (Rc: the equiva-
lent capacitance of surface binding antibody; Rg: the equivalent resist-
ance of surface binding antigen; Rb: the equivalent resistance of 

surface binding antibody; Cg: the equivalent capacitance of surface 
binding antigen; Rw: the equivalent resistance of nanowires). C The 
images of the constituted intelligent face mask. D The setup of the 
breath simulation experiment. Reproduced with permission from [90]
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of the virus antigen. Our electrochemical immunosensor is 
therefore a promising diagnostic instrument to detect the 
COVID-19 virus directly and quickly and does not require 
any transfer of samples or pretreatment [91].

In 2021, Zhao et al. described a calixarene functional-
ized graphene oxide-based ultrasensitive electrochemical 
detection technology for SARS-CoV-2 RNA targeting. The 
technology was validated to detect the RNA of SARS-CoV-2 
without nucleic acid amplification or reverse transcription 
using a portable electrochemical smartphone, based on a 
supersandwich-type recognition strategy. During in silico 
analysis and actual tests, the biosensor demonstrated high 
specificity and selectivity. The biosensor discovered a 
total of 88 RNA extracts from 25 SARS-CoV-2-confirmed 
patients and eight recovery patients. The detectable ratios 
were higher than those obtained using RT-qPCR (85.5% 
and 46.2%, respectively). The clinical specimen’s LOD was 
200 copies/mL, the lowest LOD of any SARS-CoV-2 RNA 
measurement published to date. In addition, each assay only 
requested two copies (10 L) of SARS-CoV-2. As a result, 
they designed an ultrasensitive, precise and simple assay for 
SARS-CoV-2 detection, which could be used as a point-of-
care test [92].

From the perspective of fast, sensitive and selective 
simultaneous interrogation of viral antigen nucleocapsid 
protein, S1-IgG and-IgM isotype antibodies and the inflam-
matory biomarker C-reactive protein (CRP) of serum and 
saliva biopsies from healthy, and RT-PCR confirmatory 
COVID-19 patients, Torrente-Rodrigez et al. have designed 
and implemented the first multiplexed electrochemical gra-
phene platform SARS-CoV-2 RapidPlex (Fig. 6). The inte-
gration of advantageous properties in the graphene material 
and a sensitive and specific immunoassay strategy makes a 
promising diagnostic device for the SARS-CoV-2 RapidPlex 
platform for effective sensing of COVID-19 serum infec-
tion and non-invasive biofluids without the requirement for 
complex sample pretreatment. In a single and rapid experi-
ment (target capture would be as low as 1 min), measuring 
the selected targets can provide detailed data not only on 
early COVID-19 infections through viral antigen detection 
and IgM isotype detection, but also on disease severeness, 
through the assessment of CRP and possible immunity 
acquired through IgG isotype quantification. The SARS-
CoV-2 RapidPlex’s ability to quickly assess illness severity 
on-site provides the unprecedented benefit of instantaneous 
COVID-19 triaging. Due to the ease of use, compatibility 

Fig. 6  Schematic illustration of the SARS-CoV-2 RapidPlex multisensor telemedicine platform for detection of SARS-CoV-2 viral proteins. 
Reproduced with permission from [93]
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of saliva samples and the quick time to results, the SARS-
CoV-2 RapidPlex platform has a great promise for POC 
deployment for patient triages, as well as home telemedicine 
and remote monitoring applications. In addition, the wireless 
telemedicine diagnostic platform may give full information 
on a person’s health state during the COVID-19 pandemic 
when combined with developing wearable biosensors, to 
continually monitor vital signs and other chemicals. Based 
on basic well-established methods and sensing principles for 
surface functionalization processes, it is possible to translate 
easily to detect additional highly informational SARS-CoV-2 
reporters by simply switching the capture reception. There-
fore, the designed platform is a high-value test technique to 
combat current and future pandemics that will contribute to 
the end of one of the most serious global health, economical 
and international problems in recent times [93].

Mavrikou et al. developed a new SARS-CoV-2 S1 spike 
protein biosensor for ultrafast detection. This approach is 
based on Vero mammalian cells which have been elec-
troinserted with the human chimeric spike S1 antibodies. 
A generic cell-based test principle for the determination of 
analytes, including biomolecules, is based upon the spe-
cial and selective interaction between target analytes and 
cellular element biorecognition, the surfaces of which are 
modified by electroinserting of target-specific analyses. This 
approach is known as Molecular Identification by Membrane 
Engineering. Binding the analytes to the membrane-bound 
antibodies led to a detectable change in the electrical charac-
teristics, in particular hyperpolarization of the designed cell 
membrane, for the biorecognition components. Any appro-
priate bioelectric/bioelectrochemical sensor can be used to 
monitor these changes. The current work shows that binding 
the SARS-CoV-2 S1 protein to the corresponding antibody 
led to a significant and selective change in the membrane-
engineered cell characteristics, which were evaluated using 
a cell-biosensor setup in accordance with the Bioelectric 
Recognition Assay (BERA) principles. The proposed bio-
sensors had ultrafast results (3 min), an LOD of 1 fg/mL 
and a semi-linear response interval of 10 fg to 1 µg/mL. 
Moreover, no cross-reactivity with the SARS-CoV-2 nucle-
ocapsid protein has been reported. Furthermore, the bio-
sensor has been designed as a ready-to-use platform with 
a portable smartphone/tablet read-out device. Thus, it can 
be demonstrated that without prior sample processing, the 
new biosensor may possibly be used to screen masses of 
SARS-CoV-2 surface antigens such that a potential solu-
tion for prompt monitoring and ultimate management of the 
pandemic can be obtained [94]. In a similar manner, the 
same researchers used the new biosensor on patient-derived 
nasopharyngeal samples in a healthcare setting, with no 
sample preparation. More notably, membrane-engineered 
cells were pre-immobilized in a unique biomatrix, allow-
ing for long-term storage prior to use and greatly enhancing 

their ease-of-handling as test consumables. When compared 
to RT-PCR, the plug-and-play new biosensor detected the 
virus in positive samples with a 92.8% success rate. There 
were no false negatives found. These results indicate that 
the biosensor has the potential to be used for early, routine 
mass screening of SARS-CoV-2 on a scale that has yet to 
be achieved [95].

For the precise detection of COVID-19 at POCs, a fast 
and ultrasensitive microfluidic-based biosensor was devel-
oped. COVID-19 was successfully detected using the roll-
ing circle amplification (RCA) method using a nylon mesh 
media. DNA hydrogels are extensively produced on the 
surface of the nylon mesh linked to the glass tube by RCA 
and rapidly and readily restrict the flow channel in the mesh-
attached tube. The major benefit of this technique is the 
small effective surface area between the source (nylon mesh) 
and the pathogen target, as well as the continual rotation of 
the magnet bar, which allows the most pathogen molecules 
to be attached. Furthermore, the amount of DNA hydrogel 
needed to block the glass tube or channel was lowered since 
the flow routes through the nylon mesh were substantially 
reduced due to the high density of the mesh’s micro-hole 
structures. As a result, the current microfluidic technology 
can detect SARS-CoV-2 with an exceptional LOD (3 aM in 
15 min or 30 aM in 5 min), which is the lowest LOD to date. 
Furthermore, because the current approach makes use of 
RCA as a molecular diagnostic tool, it is extremely selective 
and accurate. The current microfluidic system’s practical 
implementation may be simply utilized for screening tests 
at airports and other areas where infectious pathogens are 
often transmitted. The utilization of a microfluidic platform 
for simultaneous multiplex detection of different infectious 
viruses, especially those responsible for influenza A, influ-
enza B and COVID-19, is the subject of continuing study. 
The examined samples were not clinical samples acquired 
from diverse biofluids such as nasopharyngeal swabs, mucus 
and saliva, but synthetic nucleic acid templates, which is 
a limitation of the current work. For the full credit of the 
proposal, a clinical assessment must be done with IRB per-
mission and a biosafety facility [96].

Immunoassay

Immunosensors are biosensors based on specific interactions 
between antibodies and antigens that have medical and bio-
analytical applications [97, 98]. In 2021, Mojsoska et al. pre-
sented a label-free electrochemical immunoassay for the fast 
detection of SARS-CoV-2 virus via the spike surface protein 
as a proof-of-concept. The assay is made up of a graphene 
working electrode that has been functionalized with anti-
spike antibodies. The immunosensor’s principle is to detect 
signal perturbation derived from ferri/ferrocyanide measure-
ments after antigen binding during 45 min of incubation. 
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The detection range of the spike protein was determined 
by measuring the absolute change in the [Fe(CN)6]3/4− cur-
rent as antigen concentrations on the immunosensor sur-
face increased. The sensor detected a special signal above 
260 nM (20 g/mL) of recombinant spike protein subunit 1. 
Furthermore, it detected SARS-CoV-2 at a concentration 
of 5.5 ×  105 PFU/mL, which is within the physiologically 
important concentration range. The novel immunosensor 
has a much faster analysis time than standard qPCR and is 
powered by a portable device, allowing for on-site infec-
tion diagnosis [99]. In another work, Rahmati et al. detected 
SARS-CoV-2-specific viral antibodies using recombinant 
SARS-CoV-2 spike protein antigen (spike protein) as a spe-
cial receptor. In this regard, the screen-printed carbon elec-
trode (SPCE) surface was effectively electrodeposited with 
a layer of nickel hydroxide nanoparticles (Ni(OH)2 NPs) to 
enable greater loading of spike protein on the SPCE surface. 
Through a specific and persistent binding response, differ-
ential pulse voltammetry (DPV) revealed signals that were 
inversely proportional to antibody concentrations (from 1 fg/
mL to 1 µg/mL). The test took 20 min and had a detection 
limit of 0.3 fg/mL. Compared to non-specific antibodies, 
this biological device showed great sensitivity and specific-
ity. In addition, the SARS‐CoV‐2 antibody, which does not 
require any labelling, might be regarded as a very sensitive 
immunological diagnostic tool. In order to detect antibodies 
in real samples of blood serum, the manufactured hand-held 
bio-device demonstrated an average good recovery rate of 

about 99–103% for usage with individual quality serological 
monitoring. Also, the biological device has been evaluated 
utilizing the enzyme-linked immunosorbent test (ELISA) 
technique and has demonstrated satisfactory results using 
genuine patients’ and healthy human samples [100].

Based on the utilization of the SARS-CoV-2 receptor 
ACE2 which may form pairs with commercially accessi-
ble antibodies, a novel fast detection technique for SARS-
CoV-2 spike 1 (S1) protein has been developed. In a lat-
eral flow immunoassay (LFIA), ACE2 and S1-mAb were 
coupled for capture and detection and did not cross-react 
with MERS-CoV spike 1 or SARS-CoV spike 1 protein 
(Fig. 7A). The ACE2-based LFIA has been identified with 
the SARS-CoV-2 S1 (< 5 ng recombinant protein/reaction). 
In the clinical specimen COVID-19 patients without cross-
responsiveness to nasal swabs from healthy participants, 
the limits of detection of the ACE2-LFIA were 1.86 ×  105 
copies/mL. This is the first study to use an LFIA in conjunc-
tion with a matched combination of ACE2 and antibody to 
identify SARS-CoV-2 S1 antigen [101].

In another work, Chen et al. developed a fast and sen-
sitive LFIA that detects anti-SARV-CoV-2 IgG in human 
serum using lanthanide-doped polystyrene nanoparticles 
(LNPs). To capture specific IgG, a recombinant nucleocap-
sid phosphoprotein of SARS-CoV-2 was distributed over a 
nitrocellulose membrane (Fig. 7B). Self-assembled LNPs 
that acted as fluorescent reporters were used to label mouse 
anti-human IgG antibodies. For this test, a 100-L aliquot of 

Fig. 7  A The designed ACE2-based LFIA for the detection of SARS-CoV-2 spike 1 antigens [101]. B Lanthanide-doped nanoparticle-based 
LFIA for sensing of anti-SARS-CoV-2 IgG [102]
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blood samples (1:1000 dilution) was utilized, and the entire 
detection procedure took 10 min. The validation experi-
ment’s results satisfied the criteria for clinical diagnostic 
reagents. By testing 51 normal samples, a  cutoff value of 
0.0666 was determined. The tests included 7 reverse tran-
scription (RT-) PCR-positive samples, and 12 negative but 
clinically suspect anti-SARS-CoV-2 IgG samples. One nega-
tive sample was found to be positive for SARS-CoV-2 IgG, 
whereas the findings were compatible with RT-PCR for the 
other samples. This test can therefore quickly and sensitively 
monitor anti-SARS-CoV-2 IgG in human serum, allowing 
positive identification in suspected cases. Also, it can be 
used to monitor the advancement of the COVID-19 test and 
to evaluate the patients’ response to therapy [102].

In order to identify SARS-CoV-2 antibodies (IgG and 
IgM) rapidly and simultaneously in clinical blood samples 
within 15 min, the lateral flow combined IgG–IgM immu-
nochromatographic assays are being developed. In samples 
of blood from COVID-19 hosts, the clinical sensitivity and 
specificity of the test strips are examined. The sensitivity 
of this test and its specificity are respectively 85.29% and 
100.00%. The combined immunochromatographic IgG-IgM 
strip test offers greater sensitivity compared to a single IgG 
and IgM test. The results of this study indicate that the com-
bination IgG–IgM immunochromatographene strip is suit-
able in confirmed COVID-19 patients, suspicious patients 
and asymptomatic SARS-CoV-2 carriers for fast screening 
of SARS-CoV-2 infection [103].

Rashed et al. described a non-faradic capacitive immu-
noassay test utilizing a commercially available impedance 
detection device that employs ACEA Biosciences’ custom-
ized well plates with integrated sensing electrodes (Fig. 8). 
The 16-well plate xCELLigence system (RTCA S16) from 
ACEA Biosciences was designed for non-invasive EIS 
detection of cell growth, morphological change and attach-
ment quality. Each well comprises an array of interdigitated 
electrodes that have been carefully developed and fused to 
polyethylene terephthalate. The plate interface handles each 
well separately to obtain single frequency measurements 
(10 kHz) every several seconds. The observed mechanism 
correlates to binding kinetics between the SARS-CoV-2 
spike protein receptor-binding domain (RBD) and the anti-
SARS-CoV-2 antibody, allowing SARS-CoV-2 antibodies to 
be detected effectively. This method yields rapid and consist-
ent results, is lightweight and portable and has the potential 
to be built up (simultaneous scanning of up to four 384 well 
plates is possible). As a result, this method is an excellent 
option for screening serum samples for SARS-CoV-2 anti-
bodies quickly [104].

The monitoring of nucleocapsid and spike antibodies 
against SARS-CoV-2 in dried blood spots (DBS) and human 
serum, plasma was reported by Djailleb et al. based on the 
development of surface plasmin resonance (SPR) sensors 

and corresponding ELISAs. When exposed to SARS-CoV-2 
or SARS-CoV-2 vaccination, the immune system reacts with 
antibodies at levels to detect and monitor for identifying 
the portion of the population possibly resistant to SARS-
CoV-2 and to assist strategic vaccine deployment efforts. 
Human anti-SARS-CoV-2 IgG antibodies were identified 
in clinical samples using an SPR sensor covered with a 
peptide monolayer and functionalized with several sources 
of SARS-CoV-2 recombinant proteins produced in differ-
ent cell lines. The sensitivity of the tests did not alter much 
when nucleocapsid was produced in various cell lines, but 
using a CHO cell line to express spike ectodomain resulted 
in good results. This bioassay was carried out using a port-
able SPR device that could measure four biological sam-
ples in less than 30 min after sample/sensor contact and 
could be regenerated at least nine times. The in-house and 
commercial ELISAs were then used to undertake multi-site 
validation, which demonstrated good cross-correlations with 
Pearson’s coefficients surpassing 0.85 in all cases for detec-
tion plasma and DBS. In the context of viral infection and 
vaccination effectiveness monitoring, this method paves the 
door for point-of-care and fast antibody testing [105].

Aptasensing and nucleic acid detection

Aptometrists are biosensors whose biological component is 
aptamers. Aptamers are single-stranded molecules of DNA 
or RNA [106]. They have a very high temperature stability 

Fig. 8  A Image of ACEA Bioscience’s 96-well platform. B Sche-
matic of electrical impedance equivalent circuit model of the protein/
antibody in solution. Reproduced with permission from [104]
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compared to antibodies that are made of proteins. These 
molecules of nucleic acid are obtained in vitro through a 
selective process called systematic evolution of ligands by 
exponential enrichment (SELEX) by being placed next to 
the target molecule [107]. SELEX is a common method cur-
rently used for isolating high-affinity single-stranded (ss) 
DNAs or RNAs from a large library with random sequences. 
Monitoring the enriching progress of candidate aptamers has 
always been a critical and constrained stage in the SELEX 
process. So far, numerous approaches for evaluating library 
enriching have been tested, including real-time quantita-
tive PCR (qPCR), enzyme-linked oligonucleotide assay 
(ELONA), dot blotting, electrophoretic mobility shift assay 
(EMSA) and surface plasmon resonance (SPR) [108]. The 
steps of the SELEX process are summarized as follows: (1) 
nucleotide binding to target molecules, (2) separation of the 
aptamer-target complex from other unbound nucleotides, (3) 
separation of the aptamer from the target, (4) amplification 
of the desired aptamer by PCR to modify the properties of 
selected aptamers and (5) separate the two strands of DNA 
and reduce the concentration to increase the affinity of the 
selected aptamers [109].

Aptamers have the ability to bind to a wide range of mol-
ecules, containing mineral ions, small organic molecules, 
proteins, nucleic acids, viruses, bacteria and even cells and 
tissues [110–115]. Applications for these emerging mol-
ecules include use in bioimaging, therapeutic agents, drug 

delivery systems, disease diagnostics, dietary studies, new 
drugs and agents for the detection of hazardous substances 
[116–118]. Aptamers are often recognized as a substitute for 
antibodies because these molecules have overcome many of 
the weaknesses of antibodies [119]. Aptamers usually have 
much lower immunogenicity and toxicity than antibodies 
due to their acidic nucleic nature. In the case of toxins or 
molecules with very low immune responses, aptamers can 
be detected easily and with very high quality.

Using thiol-modified niobium carbide MXene quan-
tum dots  (Nb2C-SH QDs) as the bioplatform for anchoring 
N-gene-targeted aptamer, a new label-free surface plas-
mon resonance (SPR) aptasensor has been developed for 
the detection of N-gene of SARS-CoV-2. The immobilized 
aptamer strands altered configuration in the presence of 
SARS-CoV-2 N-gene to exclusively interact with N-gene. 
As a result of the increased contact area or increased dis-
tance between the aptamer and the SPR chip, the SPR signal 
irradiated by the laser (He–Ne) with the wavelength (λ) of 
633 nm changed. Following that,  Nb2C-SH QDs were added 
to the gold chip for SPR measurements via covalent binding 
of the Au–S linkage, as well as self-assembling interactions. 
 Nb2C-SH QDs not only increased aptamer bioaffinity but 
also improved the SPR response. The production of Nb2C-
SH QDs and the fabrication of an Nb2C-SH QD-based 
SPR aptasensor for detecting the SARS-CoV-2 N-gene 
are depicted in Fig. 9. Within the concentration range of 

Fig. 9  The scheme of produc-
tion of  Nb2C-SH QDs and the 
fabrication of an  Nb2C-SH 
QD-based SPR aptasensor 
for detecting the SARS-
CoV-2 N-gene. Reproduced 
with permission from [120]
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0.05–100 ng/mL, the  Nb2C-SH QD-based SPR aptasensor 
had an LOD of 4.9 pg/mL for N-gene. The sensor also dem-
onstrated great selectivity and stability in the presence of 
different respiratory viruses and proteins in human serum. 
Furthermore, the  Nb2C-SH QD-based SPR aptasensor dem-
onstrated a wide range of applications for qualitative N-gene 
analysis in a variety of samples, including seafood, seawater 
and human blood. As a result, our research can shed light on 
how the aptasensor for detecting SARS-CoV-2 in compli-
cated settings is built [120].

In 2021, a voltammetric genosensor has been constructed 
by Farzin et al. for the early detection of COVID-19 by 
identifying the RNA-dependent RNA polymerase (RdRP) 
sequence as a novel coronavirus target. For genome rep-
lication and gene transcription, the SARS-CoV-2 employs 
an RdRP. For the first time, silver ions  (Ag+) in hexathia-
18-crown-6 (HT18C6) were used as a redox probe. The 
HT18C6 (Ag) carbon paste electrode (CPE) was modified 
with chitosan and PAMAM dendrimer-coated silicon quan-
tum dots (SiQDs@PAMAM) for probe sequence immobi-
lization (aminated oligonucleotides). The current intensity 

of differential pulse voltammetry using the redox probe 
decreased as the concentration of target sequence increased. 
Based on this signal-off tendency, the suggested genosen-
sor demonstrated a strong linear reaction to SARS-CoV-2 
RdRP in the concentration range of 1.0 pM–8.0 nM, with 
a regression equation I (A) = 6.555 log [RdRP sequence] 
(pM) + 32.676 (R2 = 0.995) and a limit of detection (LOD) 
of 0.3 pM. The standard addition method in human spu-
tum samples with various spike concentrations of the RdRP 
sequence demonstrated excellent recovery for real sample 
analysis (> 95%). As a result, the evolved voltammetric 
genosensor can be used to detect the RdRP sequence of 
SARS-CoV-2 in sputum samples [121].

A novel electrochemical aptamer-based (EAB) sensor 
capable of detecting the SARS-CoV-2 S protein in bodily 
fluids quickly and effectively has been reported by Idili et al. 
[122]. EAB sensors are used to create a readily detectable 
electrochemical signal by binding-induced conformation 
changes in a covalently attached, redox reporting aptamer. 
In particular, conformation modification alterations affect 
the rate at which the redox reporter exchanges electrons 

Fig. 10  A Mechanism of electron exchanging in the interrogating 
electrode. B Single-step detection of S-protein by DPV. C Scheme 
of fluorophore–quencher couple at the two ends of the aptamer for 
studying binding activities by fluorescence spectroscopy. D and E 

Binding activities of the 1C and 4C variants of aptamers labelled with 
a fluorophore–quencher couple at the two ends against the SARS-
CoV-2 RBD (black curves) and the S protein (red curves) in solution. 
Reproduced with permission from [122]
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with the electrode inquiring (here, we utilized Atto MB2, a 
derivative of methylene blue), as seen in Fig. 10A, B. Based 
on the binding-inducing conformational conversions of the 
recipient, this detection technique leads to directly diluted 
biological fluids with reagentless, fast and selective assays. 
In addition, fluorescence spectroscopy evaluated the bind-
ing activity of the chosen S-protein aptamers (Fig. 10C). 
Through the use of optically labelled versions, aptamers 
can support the conformation mechanism caused by bind-
ing, which makes them the ideal option for the EAB sensing 
platform. In contrast with previous techniques utilizing anti-
bodies and aptamers for detection of SARS-CoV-2 antigens, 
the resultant EAB sensor exhibited equivalent bioanalytical 
efficiency. Picomolar concentrations of the S protein were 
identified in buffer, serum and 50% artificial saliva using the 
1C variation (Fig. 10D, E). The results are also extremely 
encouraging, suggesting that the EAB sensor can distinguish 
between comparable targets (the receptor-binding domain 
(RBD) sections of different coronaviruses) and other pro-
teins, in addition to detecting the target in undiluted blood 
and fake saliva. Moreover, fast binding kinetics and the 
one-stage operation of the aptamer enable the target to be 
detected in 15 s, making the EAB sensor perfect for support-
ing high-frequency tests at the care point. Without a doubt, 
the potential for EAB sensing to be a legitimate alternative 
to current POC testing is far ahead of other technologies 

used for decades (e.g. LFIA and ELISA) in terms of use and 
market availability. Furthermore, their abilities to support 
non-calibratory and dual-reporter methods (i.e. to allow the 
target to be quantified directly), as well as their adaptabil-
ity, may also be combined with mobile phones or portable 
electrochemical installations.

In order to detect special RNAs in SARS-CoV-2 using 
colorimetric, surface-enhanced Raman scattering (SERS), 
and fluorescence techniques, Gao et al. [123] developed a 
three-mode biosensor based on gold nanoparticles (AuNPs). 
According to their fundamental aggregation property and 
affinity energy to distinct biomolecules, AuNPs with an aver-
age size of 17 nm were produced, and colorimetric, SERS 
and fluorescence signals of sensors were continuously meas-
ured. Citrate-stabilized AuNPs are well distributed against 
aggregation, as seen in Fig. 11. This is owing to the nega-
tive capping agent’s electrostatic repulsion. Salt-induced 
self-aggregation of AuNPs causes a substantial reduction in 
absorbance and a noticeable colour shift when saline sodium 
citrate (SSC) is added. When AuNPs are combined with a 
certain number of DNA probes, the probes bind to the sur-
face of the AuNPs and protect them against SSC-induced 
aggregation.

DNA binds selectively to target RNAs in the presence of 
target RNAs, producing a DNA-RNA complex that is then 
released from the surface of AuNPs, causing unprotected 

Fig. 11  A schematic of the triple-mode biosensors used to detect COVID-19 viral RNA. Reproduced with permission from [123]
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AuNPs to congregate. The quantity of target RNA is ren-
dered into a shift and intensity change of the absorbance 
peak, a change in the Raman signal of AuNPs coupled with 
residue DNA probes and a variation in the fluorescence 
intensity of the supernatant. Each operating mode in the 
suggested biosensor may detect single-base mismatches in 
the target gene, reducing false positive/negative readings. 
The suggested biosensor does not need the extraction and 
purification of viral RNA. The suggested biosensor provides 
a relatively easy detection method when compared to PCR-
based detection. Due to the long-term stability, the reaction 
solution conjugated to the DNA probe may be stored in the 
reaction chamber and ready for diagnosis. The operator only 
needs to load the detection sample and then centrifuge the 
supernatant to separate it from the aggregated AuNPs after 
adding the SSC buffer. A photoluminescence system is used 
to test the fluorescence intensity, and an automatic, portable 
microplate reader is used to test the absorption spectrum, 

while a micro-Raman spectrometer is used to record the 
Raman spectrum. Using 96 or 384 microplates, the proposed 
detection method can detect 96 or 384 samples simultane-
ously. In all triple modes, the sensor reaches a femtomole 
level detection limit of 160 fM in absorbance mode, 259 fM 
in fluorescence mode and 395 fM in SERS mode. The sug-
gested sensing platform offers a novel method for detecting 
COVID-19 and other infections that is rapid, sensitive and 
selective [123].

In another work, Zayani et al. described the develop-
ment of a magnetofluorescent bioplatform to detect SARS-
CoV-2 viral RNA directly in total RNA collected from 
COVID-19-positive patients’ nasopharyngeal swabs. 
Two capture probes attached to magnetic beads through a 
biotin/streptavidin linkage, targeting two particular loca-
tions in the ORF1a and S genes, yielded a greater fluo-
rescence response (Fig. 12). Through the oxidation of 

Fig. 12  The schematic depicts the step-by-step process for capturing and detecting viral RNA using magnetic probes and HRP-terminated 
reporters. Reproduced with permission from [124]
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o-phenylenediamine to fluorescent 2,3-diaminophenazine, 
two horseradish peroxidase (HRP)-conjugated reporter 
sequences, corresponding to the loci of the S and N genes, 
were utilized to detect the presence of viral RNA. The bio-
platform possesses a linear dynamics range from 0.01 up 
to 3.0 ng (1 ×  103 to 9 ×  107 copies/μL) with a low LOD of 
0.01 ng of viral RNA (1 ×  103 copies/μL) under optimum 
conditions. This platform is highly selective and sensi-
tive that can distinguish SARS-CoV-2 RNA from similar 
viruses such as West Nile, hepatitis C, measles and non-
polio viruses. In addition, 46 clinical samples verified 
the proposed biosensor (36 COVID-19-positive and 10 
COVID-19-negative samples, as assessed with the gold 
standard RT-qPCR method). The sensitivity and specificity 
of the proposed technique achieved 100%. Finally, hav-
ing such a simple and specific technique available in the 
field, at a main point of care, can aid in the identification 
of SARS-CoV-2 infection in resource-limited situations 
[124].

Pramanik et al. showed the ability to quickly diagnose, 
within 10 min, specific SARS-CoV-2 spike recombinant 
antigen or SARS-CoV-2 spike protein pseudo-type bacu-
lovirus using Rhodamine 6G (Rh-6G) dye-coupled DNA 
aptamer-adhering gold nanostar (GNS) spectroscopy. 
Because the Rh-6G-attached single-stand DNA aptamer 
enveloped the GNS, the NSET method quenched 99% of 
the dye’s fluorescence. The fluorescence signal remains in 
the presence of spike antigen or virus due to aptamer–spike 
protein binding. In particular, 130 fg/mL for antigen and 8 
particles/mL for virus were established as a limit of detec-
tion of the NSET test. Finally, it was proven that GNSs with 
DNA aptamer may terminate the infection by inhibiting the 
receptor-binding capacity of angiotensin-converting enzyme 
2 (ACE2) and dissolving the virus’ lipid membrane [125].

Conclusions and future prospects

COVID-19 is a serious and dangerous infectious disease 
with symptoms similar to SARS in the form of fever, 
cough and fatigue. The disease is mostly transmitted 
through respiratory droplets and close contact. This dis-
ease is a major threat to world health and safety. Bioana-
lytical methods designed to diagnose COVID-19 disease 
are superior to other diagnostic methods due to their lower 
cost, higher accuracy, better detection limit and lower 
error. The advantages and disadvantages of various bio-
sensing methods used to detect the SARS-CoV-2 virus 
are given in Table S2. Electrochemical methods can be 
used in further studies of this disease and similar diseases, 
and even by simulating the disease using relevant biosen-
sors due to their high response speed, which in addition to 

helping the advancement of science, also offers the pos-
sibility of rapid diagnosis and achievement. It provides 
the appropriate treatment method, so it is recommended 
to use the simulation and design of appropriate biosen-
sors to make the necessary predictions to prevent or even 
diagnose and treat similar emerging diseases that may 
occur. Nanotechnology has the potential to accelerate the 
development of unique diagnostic sensors, the integra-
tion of novel devices, improved optimization/validation 
and improvements in sensing performance at the point of 
care. Future research should focus on developing novel 
and next-generation non-invasive, specific, inexpensive 
and quick biosensing techniques and technologies for diag-
nostic applications, particularly in the management of pan-
demics and life-threatening infectious illnesses. However, 
certain difficulties require further investigation and atten-
tion. For starters, the majority of these technologies and 
materials have been studied on a laboratory scale, imply-
ing that employing them in real-world circumstances may 
not be as precise as in the lab [126]. Furthermore, none of 
these biosensors has yet been developed for detecting the 
SARS-CoV-2 virus. As a result, the commercialization of 
numerous efficient biosensors should be hastened. Aside 
from the approaches and biosensors given, innovative 
methods such as AI-based technologies, wearable biosen-
sors for continuous public monitoring and single-use dis-
posable sensors for individual testing should be researched 
for SARS-CoV-2 mass screening [49].
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