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Abstract

SARS-CoV-2, a novel coronavirus within the Coronaviridae family, is the causative agent behind the respiratory ailment
referred to as COVID-19. Operating on a global scale, COVID-19 has led to a substantial number of fatalities, exerting
profound effects on both public health and the global economy. The most frequently reported symptoms encompass fever,
cough, muscle or body aches, loss of taste or smell, headaches, and fatigue. Furthermore, a subset of individuals may
manifest more severe symptoms, including those consistent with viral pneumonitis, which can be so profound as to result
in fatalities. Consequently, this situation has spurred the rapid advancement of disease diagnostic technologies worldwide.
Predominantly employed in diagnosing COVID-19, the real-time quantitative reverse transcription PCR has been the
foremost diagnostic method, effectively detecting SARS-CoV-2 viral RNA. As the pandemic has evolved, antigen and
serological tests have emerged as valuable diagnostic tools. Antigen tests pinpoint specific viral proteins of SARS-CoV-2,
offering swift results, while serological tests identify the presence of antibodies in blood samples. Additionally, there have
been notable strides in sample collection methods, notably with the introduction of saliva-based tests, presenting a non-
invasive substitute to nasopharyngeal swabs. Given the ongoing mutations in SARS-CoV-2, there has been a continuous
need for genomic surveillance, encompassing full genome sequencing and the identification of new variants through Illu-
mina technology and, more recently, nanopore metagenomic sequencing (SMTN). Consequently, while diagnostic testing
methods for COVID-19 have experienced remarkable progress, no test is flawless, and there exist limitations with each
technique, including sensitivity, specificity, sample collection, and the minimum viral load necessary for accurate detec-
tion. These aspects are comprehensively addressed within this current review.
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SMTN Nanopore metagenomic
sequencing

NGS Next-generation sequencing

Spike protein Protein S

Envelope protein Protein E

Membrane protein Protein M

Nucleocapsid protein ~ Protein N

nsp3 Nonstructural protein 3

ACE2 Angiotensin-converting enzyme 2

TMPRSS2 Transmembrane protease serine 2

NPS Nasopharyngeal swabs

OPS Oropharyngeal swabs

RT-gPCR Quantitative reverse transcription
polymerase chain reaction

BAC Active case search

RdRp RNA-dependent RNA Polymerase
gene

RBD Receptor binding domain

RDTs Rapid detection tests

IF Immunofluorescence

IC Immunochromatography

EIA Enzyme-linked Immunoassay

Ag-RDTs Rapid antigen detection tests

LAMP Loop-mediated isothermal
amplification

CDC Center for Disease Control

Ct Cycle threshold

ARDS Acute respiratory distress
syndrome

INFs Interferons

IL-1 Interleukin- 1

IL-6 Interleukin-6

TNF-a Tumor factor necrosisa

EX Exercise training

HTN Hypertension

VOCs Variants of concern

Background

December 12th, 2019 marked the initial report of an infec-
tion caused by a highly contagious respiratory virus in
Wuhan, located in Hubei Province, China. This virus was
subsequently identified as a member of the Coronaviri-
dae family [1-5]. Rapidly, the virus spread to neighboring
countries, swiftly evolving into one of the most substan-
tial pandemics within a mere six-month span. This led to
successive waves of infection across the globe, ultimately
culminating in the largest pandemic witnessed in the past
five decades [6-9]. It’s worth mentioning that the Interna-
tional Committee on Taxonomy of Viruses designated the
virus as SARS-CoV-2, signifying “severe acute respiratory
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syndrome coronavirus 2. Concurrently, as per the World
Health Organization (WHO), the official nomenclature
for the associated illness was “coronavirus disease 2019”
(COVID-19) [10-12], after the publication of its genome
[13]. The rapid transmission of the infection occurs through
person-to-person contact, and SARS-CoV-2 is responsible
for inducing a range of severe symptoms, including fever,
intense bodily discomfort, headaches, and gastrointestinal
issues, among others [1, 14]. SARS-CoV-2 has the poten-
tial to significantly impact the respiratory system, leading
to conditions such as desaturation and general hypoxemia
[15].

As of August 2023, COVID-19 has resulted in more than
6,955,141 deaths out of 769,774,646 confirmed cases glob-
ally, and a total of 13,498,570,620 vaccine doses have been
administered (source: WHO; https://www.worldometers.
info/coronavirus/) [16]. It’s important to highlight that due
to the elevated prevalence and mortality rates associated
with COVID-19, molecular biology has faced the challenge
of enhancing and developing faster diagnostic techniques
for the detection of this virus. These efforts aim to effec-
tively curb the virus’s progression within the population.
Consequently, the strategies for detecting COVID-19 have
evolved, transitioning from real-time PCR to rapid tests
utilizing samples such as bronchoalveolar lavage fluid and
saliva [1, 17]. n this review, we provide an overview of
the origin and primary challenges encountered during the
global progression of COVID-19. We also offer an exten-
sive description of the key molecular methods utilized for
detecting COVID-19. Furthermore, we delve into the sig-
nificant pathophysiological repercussions that COVID-19
inflicts on the respiratory system.

Infection overview

t’s widely recognized that SARS-CoV-2 is neither the sole
nor the initial member of the Coronaviridae virus family,
specifically belonging to the subgroup B known as betacoro-
navirus, which has induced severe infections in humans.
Instances of novel coronaviruses leading to emergent situ-
ations have been recurrent throughout human history. An
illustrative case is the bat HKU2 virus, which surfaced in
2018 and is accountable for triggering acute diarrhea syn-
drome in pigs [18]. Several members of the Coronaviri-
dae family, including 229E, OC43, NL63, and HKU1, are
known to induce mild cold-like symptoms in humans [19].
A notable aspect to highlight is that the HKU2 virus, situ-
ated within the expansive Coronaviridae family, demon-
strates a broad host range. This virus has the capability to
infect a diverse array of creatures, encompassing birds and
various mammals such as camelids, bats, civets, rats, mice,
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dogs, and cats. This wide spectrum of potential hosts facili-
tates the transmission and dissemination of the virus.

In 2002, a pivotal event occurred when the first fatal
virus for humans originating from the Coronaviridae fam-
ily emerged in China. This virus was labeled SARS-CoV-1,
derived from “severe acute respiratory syndrome.* Notably,
SARS-CoV-1 managed to infect approximately 8,000 indi-
viduals, resulting in a mortality rate of 10%. In 2003, despite
its initial disappearance, this virus resurfaced in Guangzhou,
located in Guangdong province, China. Given the signifi-
cant mortality and the rapid rate of transmission associated
with SARS-CoV-1, exhaustive efforts were undertaken to
combeat its spread. These collective endeavors ultimately led
to the successful eradication of the virus by 2004 [12].

n 2012, a consequential occurrence unfolded with the
emergence of another lethal virus known as MERS-CoV,
denoted as “Middle East respiratory syndrome.* This virus
first manifested in Saudi Arabia. The World Health Orga-
nization (WHO) has recorded a total of 2,574 confirmed
cases, resulting in 886 fatalities. Geographically, the virus
has spread across 12 countries within the Middle East
region. A significant aspect to highlight is the high mortality
rate exhibited by MERS-CoV, reaching 34.4%. However,
this rate is notably lower than that observed for other viruses
like the Ebola virus (50%) and the rabies virus (95%) [12].

Origin of the SARS-CoV-2 virus

It’s widely acknowledged that all human coronaviruses
trace their origins back to zoonotic sources, a pattern shared
by numerous pathogenic viruses affecting humans. The pre-
vailing body of evidence strongly indicates that the novel
coronavirus SARS-CoV-2 likely originated from a primary
reservoir, such as the horseshoe bat. It’s believed to have
subsequently passed through an intermediate reservoir, pos-
sibly leading to an outbreak within wildlife. This transition
may have occurred in settings like the Huanan market in
Wuhan, China, in 2019, where the trading of animal wild-
life takes place [9, 20]. Supporting this perspective, envi-
ronmental samples taken from the Wuhan market exhibited
positive results for SARS-CoV-2. However, when samples
were sourced from live animals and the carcasses of wild-
life, there were no indications of SARS-CoV-2 positivity.
This observation raises the possibility that SARS-CoV-2
may be fatal to various other species, including pets such
as dogs and cats, as well as wild animals like deer, lynx,
and monkeys. Additionally, this could encompass different
types of large felines, such as lions, tigers, and snow leop-
ards. The fact that these animals exhibit similar pathologi-
cal characteristics to humans could indicate an alternative
source for the virus, suggesting that the initial detection in
Wuhan might not necessarily be its point of origin [21-23].

Phylogenetically, SARS-CoV-2 can be categorized into
two distinct lineages, namely A and B. These two lineages
likely coexisted concurrently during the initial outbreak
phases [24]. Lineage B was initially identified in the initial
cases connected to the Huanan market, and it subsequently
gained global predominance. Conversely, lineage A was
observed in instances associated with different markets
and subsequent occurrences in Wuhan City as well as other
regions across China [12]. The emergence of SARS-CoV-2
entails one or potentially several instances of contact with
infected animals or individuals. This includes the likelihood
of various indirect scenarios, such as the transfer of live ani-
mals to different markets within Wuhan [25].

A noteworthy observation is that SARS viruses were
identified prior to the emergence of SARS-CoV-2, exhibit-
ing significant infection rates, seroprevalence, and genetic
diversity. These SARS viruses were detected in animals
from both the Dongmen market in Shenzhen and the
Xinyuan market in Guangzhou, China [26, 27]. During the
initial phase of the 2019 pandemic, the genetic evolution
of SARS-CoV-2 remained relatively limited. However, a
significant development occurred with the emergence of a
globally dominant variant known as D614G. This particular
variant was linked to increased transmissibility compared
to earlier forms of the virus [28]. Numerous variants of
SARS-CoV-2 have been characterized, and several among
them are categorized as variants of concern due to their
significant impact on public health. According to the epide-
miological update as of October 8, 2022, five SARS-CoV-2
variants of concern (COV) have emerged since the onset of
the pandemic: Alpha (B.1.1.7) from the United Kingdom,
Beta (B.1.351) from South Africa, Gamma (P.1) from Bra-
zil, Delta (B.1.617.2) from India, and Omicron (B.1.1.529).
However, as of March 20, 2023, the Omicron variant is
the sole strain designated as a variant of concern (VOC),
while the others are categorized as variants being monitored
(VBM) [29].

Through virus genome sequencing and evolutionary
analysis, it has been determined that the SARS-CoV-2
genome bears a 96.2% resemblance to the CoV-RaTG13
strain found in bats, particularly Rhinolophus affinis in
Yunnan. This contrasts with SARS-CoV, which demon-
strates a 79.5% similarity. These findings suggest that bats
could serve as the natural host for the original virus. For
instance, the bat viruses RmYNO02, RpYNO06, and PrC31
exhibit greater genetic proximity to most parts of the SARS-
CoV-2 genome, particularly the ORF1ab region. This closer
resemblance points to a more recent shared ancestor with
SARS-CoV-2 [9, 30, 31]. SARS-CoV-2 might have been
transmitted from bats to humans through intermediary
hosts that were previously undiscovered [9]. Nonetheless,
recent investigations into the origin of SARS-CoV-2 have
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indicated that pangolins might be plausible candidates as
the intermediate hosts for the virus [32, 33]. The precise
route through which the virus infects humans via pangolins
remains unclear. Neither of the viruses found in these mam-
malian species closely resemble SARS-CoV-2 enough to be
considered its direct ancestor. Furthermore, the heightened
vulnerability of minks and cats to SARS-CoV-2 implies that
other animal species could potentially serve as reservoirs
for the virus. A visual representation of the plausible origin
of the SARS-CoV-2 virus has been summarized in Fig. 1.

SARS-CoV-2 virus genome and mechanisms entry
into the cells

Coronaviruses are enveloped viruses with a genome com-
posed of a single positive-sense, single-stranded RNA
molecule. Unlike other biological systems, viruses exhibit
a wider range of mutation rates [34, 35]. The replication
accuracy of viral RNA molecules is consistently lower
compared to DNA, resulting in RNA viruses accumulating
more mutations and adapting to new hosts more rapidly than
their DNA genome counterparts. The SARS-CoV-2 virus
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Fig. 1 SARS-CoV-2 hypothetical origin scenarios and invasion mech-
anisms. (A) Zoonotic spillover is the leading hypothesis suggesting
that the virus originated in animals and was transmitted to humans.
Coronaviruses have been found in various animal species, including
bats, which are considered a natural reservoir for many coronaviruses.
It is speculated that an intermediate animal host, such as a pangolin,
could have played a role in transmitting the virus from bats to humans.
The specific mechanisms by which this spillover event occurred are
still under investigation, but recombination has been identified as a
possible factor in the emergence of SARS-CoV-2. It is important to
note that the investigation into the origin of SARS-CoV-2 is ongoing.
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possesses an RNA genome and has been demonstrated to
exhibit a mutation rate that is 1,000 times slower than that
of flu or HIV [9].

SARS ARS-CoV-2 falls within the coronavirus family
situated in the Nidovirales order, constituting one of the
virus groups characterized by the longest RNA genomes.
Specifically, its genome is composed of a single strand of
positive-sense RNA (+ssRNA) spanning approximately
30,000 base pairs [36], with a guanine and cytosine content
of 38%. The genome comprises no less than fifteen open
reading frames (ORFs), of which twelve are functional.
The viral replicase gene is located within ORF1ab, housing
the largest ORF in the genome (~20,000 bp). These ORFs
are organized into replicase and protease (ORF1a-ORF1b)
segments, along with significant protein components (S, E,
M, and N), as well as accessory protein genes (HE, 3, 7a,
among others) (Fig. 1). These proteins play essential roles
in facilitating virus entry, fusion, and the virus’s ability to
thrive within host cells [7, 37, 38]. The ensuing discussion
outlines some of the key proteins of SARS-CoV-2:
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(B) Representation of the reference genome of SARS-CoV-2, where
the coding regions for essential proteins for diagnostic studies are
shown in detail. These consist of ORF1ab (RdRp), Spike (S), Envelope
(E), Membrane (M), and Nucleocapsid (N). The entry of SARS-CoV-2
into host cells involves several steps, primarily mediated by the spike
protein (S) on the virus’s surface, priming by proteases, membrane
fusion, genome release, translation, replication, assembly, and release
of virions. It’s important to note that the entry mechanism and viral
replication process can vary in different cell types and tissues. Created
with BioRender.com
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Spike protein

The spike protein, denoted as protein S with a size of 180—
200 kDa, has been elucidated in SARS-CoV, MERS, and
SARS-CoV-2. In these viruses, protein S contains 1,104 to
1,273 amino acids and is composed of two distinct subunits:
an (N)-terminal subunit termed S1 (located extracellularly)
and a C-terminal subunit designated S2 (positioned intracel-
lularly) [39—41]. Fundamentally, this protein is essential for
facilitating the virus’s entry into the host cell.

Envelope protein

Among all structural proteins, protein E holds the distinc-
tion of being the smallest, with a size of 8—12 kDa. It plays
a multifaceted role within a broad functional range [42].
While it is expressed in abundance within infected cells
during the replication cycle, only a minor fraction is inte-
grated into the virion envelope. The majority of this protein
is found within intracellular pathways, including the Golgi
complex, where it contributes to viral particle assembly. Its
significance extends to the virus’s production and matura-
tion processes [43].

Membrane protein

This protein stands out as the most prevalent structural pro-
tein, playing a pivotal role in shaping the virion. The mono-
meric form of M (25 to 30 kDa) functions as a membrane
protein integrated into the envelope through three trans-
membrane domains. The N-terminal segment comprises a
small ectodomain, while the C-terminal endodomain rep-
resents the most substantial portion of the molecule. It is
situated within the virion or on the intracellular membrane’s
cytoplasmic side. Glycosylation can modify the ectodo-
main, influencing both the organ tropism for infection and
the interferon (IFN)-inducing capacity of certain coronavi-
ruses. Moreover, this protein contributes to the attachment
of the nucleocapsid to internal structures’ membranes, such
as the Golgi complex. It plays a role in transmembrane
nutrient transport, virion release, and the formation of the
envelope field [44-46].

Nucleocapsid protein

The N protein, weighing 43 to 50 kDa, takes on the role of
forming the helical nucleocapsid, encompassing the entirety
of the viral genome (Wang et al., 2003). This protein com-
prises two domains, each capable of recognizing viral RNA.
Additionally, the N protein has been found to bind nsp3
(nonstructural protein 3), facilitating the guiding of the
genome toward the replication and transcription complex

and aiding in nucleocapsid packaging. It also serves as an
interferon antagonist and a suppressor of virus-encoded
RNA interference. Another crucial function involves its
interaction with protein M [45, 47, 48].

Among the accessory proteins, the S protein stands out
as one of the most crucial viral structures in the infection
process of SARS-CoV. The S1 subunit takes on the role of
binding to angiotensin 2 receptors [49]. Upon interaction
with the host cell, the S protein undergoes structural recon-
figuration, leading to the exposure of the S2' cleavage site
within the S2 subunit. This structural change enables the
virus to fuse with the host cell membrane [50]. The cleav-
age at the S2' site transpires once the virus has bound to
angiotensin-converting enzyme 2 (ACE2) on the target cell.
Interestingly, the spike-shaped protein structures (S) are
adorned with polysaccharide molecules, which could poten-
tially function as a form of camouflage, aiding the virus in
evading detection by the host’s immune system during inva-
sion [51, 52].

The mentioned processes occur within host cells, particu-
larly in cases where there is an insufficient expression of
transmembrane protease serine 2 (TMPRSS2), or the virus
ACE2 complexes fail to encounter TMPRSS2. In scenar-
ios where the virus ACE2 complex is internalized through
clathrin-mediated endocytosis into endolysosomes, the S2’
cleavage is carried out by cathepsins [50]. Subsequently, the
virus releases its genetic material into the cell’s cytoplasm,
leveraging the cellular machinery of the target cell for rep-
lication. Grasping the functionalities of these proteins and
their interactions with the host is pivotal for the develop-
ment of therapeutics, vaccines, and diagnostics aimed at
combatting COVID-19.

SARS-CoV-2 virus diagnostic methods

COVID-19 does not stand alone as the first or final pan-
demic our human society has experienced. In response to
this situation, a swift acceleration in diagnostic technology
has transpired on a global scale, effectively transforming the
Earth into an extensive laboratory dedicated to thwarting
the progression of the pandemic.

Characteristics of the samples to be collected

or the diagnosis of COVID-19 through molecular tech-
niques, respiratory materials collected from primarily
symptomatic patients are commonly employed. The mate-
rials consist of upper respiratory samples, including naso-
pharyngeal swabs (NPS), oropharyngeal swabs (OPS), and
nasal washes [53]. Additionally, in cases of more severe
respiratory conditions, samples from the lower respiratory
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tract such as sputum, endotracheal aspirate, or bronchoal-
veolar lavage can be utilized (Fig. 2) [54]. It’s noteworthy
that the virus has also been identified in samples derived
from both blood and feces [9, 54].

An intriguing observation is that certain authors have
conducted a comparison between saliva and nasopharyn-
geal samples to evaluate the efficacy of diagnosing the
SARS-CoV-2 virus through RT-qPCR tests. Their findings
indicated that saliva samples exhibit higher sensitivity and
consistency in detecting the virus’s presence throughout
the infection’s progression. This suggests that saliva could
serve as a sample type facilitating the monitoring of changes
in SARS-CoV-2 titers over time. Importantly, using saliva
samples carries the advantages of greater acceptability
among the population and a reduced risk of contagion for
healthcare personnel during sample collection, especially in
the presymptomatic phase [55-58]. Notably, viral titers in
saliva were observed to be five times higher than in nasopha-
ryngeal samples. However, while some studies propose that
saliva is more effective for early presymptomatic cases, its
diagnostic efficacy appears to be similar to nasopharyngeal
samples during the course of infection. Even among pre-
school children, virus detection efficiency has been found to
be notably high in saliva samples. Moreover, a comparison
between saliva and nasopharyngeal samples demonstrated
comparable diagnostic effectiveness using the Nucleic Acid
Amplification Test (NAAT), particularly in ambulatory set-
tings [59].

While the sample collection protocol is of utmost impor-
tance in COVID-19 detection, the standard confirmation
of COVID-19 cases hinges on identifying distinct RNA
sequences of the virus through nucleic acid amplification
testing, such as RT-qPCR. When needed, this is further
verified through nucleic acid sequencing [60]. It’s crucial

\

A. Nasal or oropharyngeal swab

Fig. 2 Scheme for taking nasopharyngeal samples. Sampling method
to be used in diagnostic techniques for identifying SARS-CoV-2 and
the different types of most used viral transport media. Viral Transport
Medium (VTM) is specifically designed to maintain the viability and
stability of respiratory viruses, including SARS-CoV-2. It often con-
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B. Viral transporter medium

to highlight that the effectiveness of diagnosis is contin-
gent upon various factors, including the sample’s quality,
the medium used for transport, the viral load present, the
possibility of contamination post-sample collection, and the
specific days post-infection when the sample was obtained
[61].

Nucleic acid detection for PCR

RT-gqPCR, a method that detects the virus’s RNA, stands as
the primary diagnostic tool for identifying SARS-CoV-2 in
human patients. In certain countries, like Chile, as of March
17,2023, a total of 4,391 new COVID-19 cases were docu-
mented. Within this context, 27,695 tests were adminis-
tered, encompassing both PCR and antigen tests. Notably,
65% of diagnoses were accomplished via antigen tests, 27%
were initiated through active case search (BAC), and 9%
of those notified were asymptomatic [62]. The sensitivity
of this approach is intrinsically tied to the viral load pres-
ent in the sample [63]. In summary, the method involves
utilizing samples predominantly extracted from the respira-
tory tract, including nasopharyngeal exudate, nasal exudate,
tracheobronchial aspirate, and sputum. The World Health
Organization (WHO) recommends the partial amplifica-
tion of specific genes, such as the RNA-dependent RNA
Polymerase gene (RdRp), to confirm the virus’s presence.
Furthermore, genes encoding the virus’s envelope proteins
(E), nucleocapsid proteins (N), and membrane proteins (M)
are targeted to verify the virus’s existence. To mitigate the
risk of false positives or negatives, two or three genes are
concurrently amplified for each sample during the experi-
ment [12].

Significantly, in the latter months of 2021, the emergence
ofnew variants triggered an upswing in false negatives across

VTM-N

eNAT

\* MicroTest

C. Different type of viral transporter medium

tains balanced salt solutions, protein stabilizers, antibiotics, and anti-
fungal agents. VTM-N: Viral Transport Medium with Non-inactivated
Virus; eNAT: Extraction-Free Nucleic Acid Transport; PBS: Phos-
phate-Buffered Saline. Created with BioRender.com
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multiple diagnostic methods, including RT-qPCR. This phe-
nomenon was attributed to mutations within the virus’s
genome, primarily concentrated in the S protein. These
mutations had the potential to cause the absence of bands,
thereby impeding the successful amplification of fragments.
This was an outcome of the original primer designs being
based on the initial genome sequence identified in Wuhan in
2019. Notably, one of the early-identified variants was the
British variant B.1.1.7 (201/501Y.V1), which carried over
20 mutations, the majority clustered within the S protein.
Some of these mutations included Spike AH69-V70,AY 144,
N501Y, A570D, P681H, T7161, S982A, and D1118H. This
S protein, a primary target for neutralizing antibodies, was
thus heavily affected [64—66]. These mutations can reduce
the diagnostic sensitivity of PCR tests that target the gene
encoding the S protein. Of note, AH69/V70 deletion muta-
tion not only interfered with detection methods of the
variant B.1.1.7, if not could promote the propagation of
the virus. Currently, there have been advancements in the
development of primers that can identify various emerging
variables. Consequently, these mutations had the potential
to reduce the diagnostic sensitivity of PCR tests that tar-
geted the gene encoding the S protein. Particularly notewor-
thy was the AH69/V70 deletion mutation, which not only
impacted the detection methods of the B.1.1.7 variant but
also potentially facilitated the virus’s propagation. Notably,
there have been advancements in the development of prim-
ers capable of detecting various emerging variants. Notable
examples include the D614G and N501Y mutations, which
appear to heighten the interaction between the S protein and
the ACE2 receptor [67, 68]. Moreover, the combination and
accumulation of mutations have enabled the identification
of specific variants through the absence of certain bands.
For instance, the combination of mutations 484E and 501 N
denotes the wild strain, whereas the pairing of 484E and
501Y designates the British variant. This underscores the
evolving nature of diagnostics to encompass the recognition
of these emerging variants.

Likewise, the Brazilian variant is marked by the pres-
ence of both 484 K and 501Y mutations. Distinctly, the
South African variant is characterized by the mutations
417 N, while the Californian variant bears the L452R muta-
tion. Additionally, the Indian variants, including B.1.617,
B.1.617.1, and B.1.617.3, exhibit a combination of the
L452R mutation and E484Q [69]. The delta variant, known
as B.1.617.2 and originating from India, presents an exten-
sive array of mutations, with particular significance attrib-
uted to mutations compromising the S protein at T19R,
L452R, E484Q, T478K, P681R, and D950N. Among these,
E484Q and L452R are situated in the receptor binding
domain (RBD) of the S protein, a notable reason behind its

colloquial moniker as the “double mutant” (Fig. 1) within
the Pango lineage [69, 70].

Rapid detection tests (RDTs)

In addition to RT-qPCR, the determination of antigens is
employed through several biosensor systems. This method
involves detecting either the SARS-CoV-2 virus protein or
the antibodies that develop in a patient after being infected.
These assays can be conducted using blood, plasma, or
serum samples from infected individuals. This type of
detection represents a rapid diagnostic technique that was
initially proposed by the WHO in 1981. It’s considered
accurate and crucial for immediate patient care [71]. Quick
diagnostic methods encompass various approaches, includ-
ing immunofluorescence (IF), immunochromatography
(IC), and enzyme-linked immunosorbent assay (ELISA).
All these techniques employ monoclonal antibodies directed
against different viral antigens, enabling the detection of the
virus within a short timeframe. Importantly, these methods
can identify certain non-viable viruses present in the sample
[17].

A notable advantage of utilizing rapid antigen detection
tests (Ag-RDTs) is their ability to identify antigens from
samples through a widely adopted immunochromatography
system. These Ag-RDTs, designed for SARS-CoV-2 detec-
tion, consist of a nitrocellulose strip coated with immo-
bilized anti-SARS-CoV-2 gold conjugate antibodies. To
serve as a control, the membrane contains anti-chicken IgY
monoclonal antibodies. In essence, Ag-RDTs directly iden-
tify SARS-CoV-2 antigens by recognizing the virus nucleo-
capsid proteins via the conjugated anti-SARS-CoV-2 gold
antibody on the nitrocellulose membrane [72]. A notewor-
thy point is that most Ag-RDTs intended for SARS-CoV-2
detection necessitate nasopharyngeal swab samples [73].

Similarly to all diagnostic techniques, rapid diagnostic
tests (RDTs) have their limitations. One of the primary chal-
lenges associated with immunological tests based on the
detection of antibodies is their comparatively lower sensi-
tivity and specificity. Notably, antibodies like IgM and 1gG
become detectable 7 to 49 days after viral infection, mak-
ing it challenging to differentiate between an infected and a
healthy individual [74]. Given the relatively lower sensitiv-
ity of Ag-RDTs in detecting positive cases of SARS-CoV-2,
current research has concentrated on devising novel, cost-
effective, and highly sensitive RDTs for virus detection.
For instance, Huang et al. (2021) introduced an innovative
nanoplasmonic biosensor integrated into a chip cartridge
to swiftly detect SARS-CoV-2. This detection approach
capitalizes on the surface plasmon resonance method to
rapidly identify viral particles. The nanoplasmonic sensor
chip is designed to recognize SARS-CoV-2 by facilitating
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interactions between immobilized SARS-CoV-2 monoclo-
nal antibodies on the surface of the resonance sensor chips
and the spike protein of the virus. This recognition prompts
alterations in wavelengths or intensity in the resonance sen-
sor, which can be quantified by an optical sensing system
linked to a smartphone. The remarkable sensitivity and reli-
ability of the nanoplasmonic sensor chips were established
by evaluating various concentrations of pseudo-SARS-
CoV-2 diluted in PBS, demonstrating successful detection
of the virus at low concentrations (370 vp/ml) within a mere
15 min [75, 76]. An explanatory diagram of the rapid test
procedure is presented in Fig. 3.

Loop-mediated isothermal amplification (LAMP)

The Loop-Mediated Isothermal Amplification (LAMP)
technique is a molecular testing method that revolves
around amplifying specific genes using a DNA polymerase.
This method employs primers designed to target six distinct
sequences of viral DNA, and it operates under isothermal
conditions [77, 78]. Presently, it’s feasible to combine the
LAMP test with reverse transcription in a single reaction,
forming the RT-LAMP method [3]. Notably, this approach
has demonstrated its efficacy in detecting SARS-CoV-2
mRNA in samples collected from symptomatic patients.

The RT-LAMP test exhibits superior sensitivity and speci-
ficity compared to RT-qPCR tests while being notably rapid
and cost-effective [78]. Nonetheless, it’s crucial to evaluate
its diagnostic accuracy in the context of a novel virus like
SARS-CoV-2 and potential emerging variants.Researchers
have conducted comparisons with the 2019-nCoV CDC
USA kit (IDT, USA), which serves as the gold standard for
SARS-CoV-2 detection through the RT-PCR technique [36,
79-81]. Results have indicated that the Isopollo kit dem-
onstrates a 100% detection rate due to its broad specificity,
although its overall sensitivity in comparison to the Center
for Disease Control (CDC) protocol is 61.9%. This means
that out of 168 positive samples for SARS-CoV-2, only 104
were correctly identified using the Isopollo kit [82], show-
casing relatively lower effectiveness when contrasted with
the traditional RT-PCR method. Nevertheless, it’s essential
to acknowledge that whole genome sequencing methods
stand as the benchmark for accurately identifying SARS-
CoV-2 variants [71].

Metagenomic sequencing by nanopore technology
(SMTN)

In 1989, the American biologist David Deamer introduced
the concept of sequencing DNA molecules using nanopores.
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Fig.3 Immunoassay diagnostic test scheme. Rapid detection of SARS-
CoV-2 with the recognition of IgG and IgM-type antibodies can be
achieved using serological tests known as rapid antibody tests or rapid
diagnostic tests (RDTs). RDTs include (A) blood, serum, or plasma
sample collection. (B, C) Test procedure: the sample is applied to a
test strip or cartridge containing specific antigens derived from SARS-
CoV-2). (D) Antibody Binding: If the individual has been infected with
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F. Analysis of results and diagnostic

SARS-CoV-2 and has developed an immune response, IgG and IgM
antibodies will bind to the viral antigens on the test strip. (E) Results
Interpretation: the test strip includes a visual indicator, such as col-
ored lines or dots, that show the presence or absence of IgG and IgM
antibodies. (F) The appearance of specific sequences or dots indicates
a positive result for the corresponding antibody. Created with BioRen-
der.com
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The fundamental principle behind this technique involves
the passage of DNA molecules through nanopore channels,
typically created using proteins and embedded in a matrix.
As the DNA molecule traverses the nanopore, each nitrog-
enous base within it causes a disruption in the flow of ions,
resulting in a reduction of electric current. The extent of this
current reduction is determined by both the size of the mol-
ecule and the time it spends within the channel. Because
the nitrogenous bases within DNA possess distinct chemi-
cal structures and molecular sizes, each of them triggers a
unique alteration in the electric current as it moves through
the nanopore. This distinct response enables the identifica-
tion of the precise order or sequence in which these bases
are arranged along the DNA chain. This revolutionary nano-
pore-based sequencing method has since gained consider-
able attention and is being continually refined for various
applications in genomics and molecular biology [83, 84].

The Oxford Nanopore Company has developed and com-
mercialized nanopore technology, offering various models
to the biomedical market. One of their notable devices is
the MinION, a portable platform designed for the execution
and analysis of up to 96 genomes. These devices utilize a
flow cell equipped with 512 nanopore channels, allowing
for the real-time sequencing of DNA or RNA molecules.
This technology enables researchers to directly observe
the sequencing process as it happens, providing valuable
insights into genetic information. For further details, please
refer to Fig. 4 for a visual representation of the MinION
device and its components.

The advancement of nanopore sequencing technology,
particularly through platforms like the GridION and Pro-
methION, has enabled the identification and analysis of
various respiratory viruses, including Zika, Ebola, Dengue,

and SARS-CoV-2. By amplifying and sequencing specific
gene fragments for each virus on the nanopore platform,
researchers have been able to target virulence genes rec-
ommended by organizations like the CDC. The sequencing
fragments typically range in size between 600 and 900 base
pairs, allowing for accurate identification and analysis of
these viruses [54, 85].

Clinical metagenomics, a field that originally used
microarrays in the early 2000s, has evolved significantly
due to the emergence of next-generation sequencing (NGS)
technologies around 2005. However, the recent integration
of third-generation sequencing, particularly nanopore tech-
nology, has taken clinical metagenomics to new heights.
This approach allows for the targeted sequencing of specific
gene sequences from a diverse group of etiological agents.
It has found applications in clinical diagnosis, epidemiolog-
ical surveillance, and establishing control measures against
infectious pathogens [86-91].

Nanopore technology’s strengths lie in its ability to detect
unique sequences rapidly and simultaneously from various
respiratory virus gene fragments. It’s highly adaptable, user-
friendly, and scalable, making it suitable for massive patho-
gen detection efforts. The sequencing results obtained using
this technology contribute significantly to timely patient
diagnosis, treatment, and epidemiological surveillance.
Additionally, the ability to amplify and sequence fragments
of varying sizes enables the identification of strains, vari-
ants, and the creation of epidemiological distribution maps.
Furthermore, nanopore technology’s capacity to gener-
ate complete genomes of pathogens enhances its utility in
various fields [54, 92]. This approach is a valuable tool in
addressing public health challenges, particularly in the con-
text of infectious disease outbreaks.

Fig.4 Metagenomic sequencing D000C DOODT
by nanopore technology. Metage- Flow cell 1x, D000C DO0OCT
nomic sequencing by nanopore D000C OO0
technology refers to applying U ]
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to analyze complex microbial time
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Fig.5 Summary of diagnostic
methods for the identifica-
tion of SARS-CoV-2. Most
used methods for the effective

Diagnostic methods

diagnosis of SARS-CoV-2. The
choice of diagnostic approach
depends on the stage of infection,
the purpose of testing, and the
availability of resources. RT-PCR
is primarily used for diagnosing
active infection, while antibody
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analysis, seroprevalence studies,
and assessing immune response.
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logical methods, may enhance
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Genomic surveillance, particularly using advanced
sequencing technologies like Illumina and nanopore
sequencing, has become a central method for monitoring
and understanding pandemics. This approach involves the
systematic sequencing of the genomes of pathogens, such as
viruses, to track their evolution, spread, and the emergence
of new variants. It provides valuable insights into how dis-
eases are spreading, mutating, and adapting over time.

SMTN has played a pivotal role in the prevention, con-
trol, and monitoring of new SARS-CoV-2 variants. Amid
the COVID-19 outbreak, diverse researchers affiliated with
hospitals and research laboratories employed MinlON
nanopore sequencing to procure high-quality genomes from
COVID-19-positive patient samples [84, 93]. The speed and
reliability of nanopore technology in capturing specific gene
sequences of SARS-CoV-2 have facilitated the identifica-
tion of a considerable number of SARS-CoV-2 mutations.
Notably, this includes those linked to SARS-CoV-2 VOCs
with elevated transmissibility and virulence. This advance-
ment enables swift tracking and early detection of numerous
SARS-CoV-2 variants circulating globally [84, 92, 94].

Molecular diagnostic test selection criteria

Several crucial criteria dictate the selection of the most suit-
able diagnostic test for each patient (Fig. 5). Key consider-
ations include whether the patient exhibits symptoms and, if
so, the duration since symptom onset [95, 96]. These factors
play a pivotal role in guiding the test choice. Antigen testing
might not yield optimal results if more than ten days have
transpired since symptom initiation [97, 98]. In cases where
patients necessitate urgent medical attention due to their
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symptoms, rapid point-of-care testing should be promptly
employed to expedite patient triage.

Selecting a diagnostic test involves careful consideration
of specific questions and criteria. These encompass clinical
and infection control factors, such as the urgency of obtain-
ing results and the acceptable turnaround time from test to
result. The testing environment and sample collection loca-
tion are also crucial aspects, along with the feasibility of
individuals quarantining while awaiting results. Resource
availability is another critical facet: Which diagnostic tools
are at hand, and how are they prioritized? What testing
capacity is feasible in each context? Is sample quality veri-
fied, or will swabbing be supervised? Lastly, the prevalence
of infection must be factored in when making the test selec-
tion [99].

Developing diagnostic tests for individuals with symp-
toms is crucial in containing disease transmission [100]. The
severity of a patient’s symptoms should guide test selection.
For severely ill patients requiring hospitalization, rapid
diagnostic tests like antigen tests are recommended for swift
identification, facilitating timely health interventions [101].
Real-time PCR results yield cycle threshold (CT) values.
Lower CT values [12—15, 17-19] suggest high viral loads,
potentially indicating a greater likelihood of severe symp-
toms and future hospitalization [102].

Hospitalized patients necessitate diagnostic testing to
prevent infections and transmission within healthcare facili-
ties, enabling isolation until results are available [103].
Patients who have recovered from COVID-19 must undergo
PCR diagnostic testing and remain isolated until discharge,
emphasizing the importance of these measures now and in
the future [99]. When selecting a test, additional consider-
ations include sampling time, sample storage conditions,
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potential contamination, use of unvalidated assays, low
viral load due to disease stage, and viral gene recombina-
tion or mutation [104—106].

Pathophysiological consequences of
COVID-19 disease

Patients infected with SARS-CoV-2 typically exhibit initial
flu-like symptoms such as fever, cough, nasal congestion,
and fatigue [107, 108]. As the viral infection progresses,
patients may encounter dyspnea and persistent symptoms
of viral pneumonitis, including lowered oxygen saturation,
lymphopenia, and chest imaging revealing ground-glass
opacities and alveolar exudates with intralobular engage-
ment [107, 108]. In more severe cases, patients can develop
acute respiratory distress syndrome (ARDS), a severe con-
dition of acute lung injury [109, 110].

SARS-CoV-2 is well known to infect human cells
through a process called receptor recognition, wherein the
virus’s spike protein binds to the ACE2 receptor present
on the surface of human cells. This interaction allows the
virus to enter the cell’s internal compartment, where it can
replicate and propagate the infection to other cells within
the human body [9, 111, 112]. As a result of this cellular
invasion and infection, the body triggers an inflamma-
tory response involving both innate and adaptive immune
mechanisms [113—-115]. According to data released by the
World Health Organization (WHO), it is estimated that out
of all patients diagnosed with COVID-19, around 20% will
develop a severe clinical condition [12]. This heightened
severity could be attributed to the fact that the SARS-CoV-2
virus predominantly infects the lower airway epithelial pul-
monary cells, particularly alveolar pneumocytes of both
type I and type II. These cells are characterized by a higher
expression level of ACE2, which serves as the primary entry
point for SARS-CoV-2 to infect the host cell [50].

It’s worth noting that reports from hospitalized COVID-
19 patients have revealed a potential explanation for the
progression to a severe clinical profile. SARS-CoV-2 seems
to have developed a strategy to evade the host immune
response by expressing various proteins that interfere with
the interferons (IFNs) signaling pathway and IFN-stimu-
lated genes [116, 117]. The IFNs signaling pathway is cru-
cial for initiating cellular and molecular events that inhibit
viral replication and activate the adaptive immune response.
However, lower levels of IFNs are observed in the lungs and
peripheral blood circulation, which leads to uncontrolled
replication and spread of SARS-CoV-2. This reduction in
IFNs contributes to an intense inflammatory response char-
acterized by the abnormal release of proinflammatory cyto-
kines, including interleukin-1 (IL-1), interleukin-6 (IL-6),

and tumor necrosis factor-o (TNF-a), a phenomenon often
referred to as a “cytokine storm.” This pro-inflammatory
environment results in the influx of monocytes, neutrophils,
and the activation of T cells, which collectively contribute
to damage in the alveolar tissue [117-119]. From a patho-
physiological perspective, the uncontrolled levels of pro-
inflammatory cytokines lead to vascular dysfunction. This
dysfunction triggers the activation of coagulation factors
and a decrease in the expression of activator plasminogen-1
and thrombomodulin. This disruption in the vasculature’s
integrity contributes to disseminated intravascular coagula-
tion, which has widespread effects and can lead to dysfunc-
tion in various organs, including the heart, lungs, liver, and
brain [120-124].

Alongside the respiratory effects, individuals with severe
COVID-19 may also exhibit gastrointestinal symptoms,
including diarrhea, nausea, and vomiting [125]. Another
notable manifestation is the loss of taste and smell (anos-
mia and ageusia) [126]. Consequently, the severe clinical
presentation of COVID-19 patients can give rise to com-
plications such as widespread inflammation and injury to
the alveolar epithelium, resulting in compromised oxygen
uptake and impaired elimination of carbon dioxide. More-
over, individuals with severe COVID-19 can progress to
conditions like pneumonia, acute respiratory distress syn-
drome (ARDS), and respiratory failure.

Apart from the pathophysiological consequences of
SARS-CoV-2 infection, post-COVID-19 sequelae have been
observed in patients who have recovered from the disease.
The potential role of various treatments, including physical
training, has been investigated. However, exercise regimens
for COVID-19 patients may need to be tailored, consider-
ing that some individuals exhibit muscular and respiratory
issues both at baseline and during exercise due to the effects
of SARS-CoV-2 infection [15]. Recent systematic reviews
have highlighted the importance of early rehabilitation for
COVID-19 patients recovering from severe respiratory fail-
ure [127]. Recommendations for those with mild sequelae
stemming from COVID-19 include neuromotor rehabili-
tation, home-based rehabilitation, and telerehabilitation,
along with light physical activities such as yoga and tai chi
[128]. or outpatient management of mild cases, approaches
like pulmonary rehabilitation, education, airway clearance
techniques, physical exercises, and breathing exercises can
be considered [9, 15]. Activities like yoga and tai chi, which
involve coordinated postural movements with controlled
breathing, have been suggested [129]. Recent findings indi-
cate that exercise training interventions, particularly light
exercise, can significantly improve the mortality rate among
COVID-19 patients with hypertension (HTN). This sug-
gests that incorporating light exercise could be a primary
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approach for managing COVID-19 in patients with HTN
[15].

On the contrary, while many individuals experience mild
to moderate symptoms and recover within a few weeks, a
subset of patients continues to endure persistent symptoms
for an extended duration, a condition commonly termed as
“Long COVID” or “post-acute sequelaec of SARS-CoV-2
infection” [130]. Long COVID encompasses an array of
symptoms affecting various organs and systems, includ-
ing the respiratory, cardiovascular, neurological, and mus-
culoskeletal systems [131]. The precise pathophysiology
of Long COVID remains incompletely understood but is
known to be multifactorial. Direct viral damage from SARS-
CoV-2, immune dysregulation, and persistent inflammation
are believed to be major contributors to the development
of Long COVID [132]. SARS-CoV-2’s affinity for ACE2
receptors in multiple tissues enables it to directly infect
and harm cells. This can lead to conditions such as pulmo-
nary fibrosis and compromised gas exchange in the lungs.
Within the cardiovascular system, it might result in myo-
cardial inflammation and endothelial dysfunction [133].
Neurological manifestations such as brain fog, headaches,
and neuropathies could arise from the virus’s direct inva-
sion or immune-mediated responses. Additionally, disor-
dered immune reactions are suspected to contribute to the
pathology of Long COVID. Prolonged viral presence and
continuous immune activation may lead to a state of chronic
inflammation, resulting in tissue damage and dysfunction
[134]. Autoimmune responses triggered by the initial infec-
tion or molecular mimicry might also play a role in the per-
sistent symptoms observed in Long COVID patients [135].

Long COVID symptoms exhibit a wide range and can
endure for several months following the acute phase of
infection. Common presentations encompass lingering
fatigue, dyspnea, chest discomfort, cognitive impairment,
and musculoskeletal issues. Continued respiratory symp-
toms like cough and shortness of breath can persist due to
factors such as lung fibrosis, heightened airway reactivity,
or damage to respiratory muscles [135—137]. Notably, Long
COVID involves the cardiovascular system, as patients
often encounter symptoms such as palpitations, chest pain,
and reduced exercise tolerance [138]. Potential mechanisms
underlying this cardiac involvement include myocardial
inflammation, microvascular dysfunction, and disturbances
in autonomic regulation [139]. Neurological manifesta-
tions, often referred to as “brain fog, encompass cogni-
tive deficits, memory challenges, headaches, dizziness, and
mood disorders. These symptoms may result from factors
such as neuroinflammation, microvascular dysfunction, and
disrupted immune responses [140]. Frequently reported
musculoskeletal symptoms comprise joint pain, myal-
gia, and muscle weakness. These issues can be attributed
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to persistent systemic inflammation, muscle damage, and
physical deconditioning [135].

In sum, the emergence of Long COVID can be attributed
to a variety of mechanisms. These encompass viral persis-
tence, disruptions in immune function, endothelial dysfunc-
tion, and imbalanced cytokine responses [135]. Additionally,
host-related factors like pre-existing health conditions, age,
gender, and genetic susceptibility might impact the prob-
ability and intensity of experiencing Long COVID. Gain-
ing a comprehensive understanding of the pathogenesis
and fundamental mechanisms of Long COVID is pivotal
for enhancing patient care, devising effective management
strategies, and exploring potential interventions.

Conclusions

Similar to many viral agents, SARS-CoV-2 has under-
gone ongoing evolutionary changes since the onset of the
COVID-19 pandemic. The World Health Organization
(WHO) has classified several variants of concern (VOCs)
and variants of interest based on their potential to spread
and replace older variants, trigger new waves of infections,
and necessitate adjustments in public health strategies. As
of February 2022, the Omicron variant constitutes over 98%
of publicly available viral sequences. This variant serves
as the genetic foundation from which novel SARS-CoV-2
variants are likely to emerge. These emerging variants could
originate from previous VOCs or even entirely new muta-
tions. In comparison to earlier variants, the Omicron vari-
ant has continued to evolve genetically and antigenically. It
has given rise to various sublineages, characterized by their
ability to evade pre-existing immunity within the population
and a tendency to primarily infect the upper respiratory tract
instead of the lower respiratory tract. The significance of
developing effective diagnostic techniques cannot be under-
stated. Such efforts directly contribute to informed decision-
making and the formulation of sound public health policies.
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