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ARTICLE INFO ABSTRACT

Keywords: In January 2020, the World Health Organization (WHO) identified a new zoonotic virus, SARS-CoV-2, respon-
Infectious diseases sible for causing the COVID-19 (coronavirus disease 2019). Since then, there has been a collaborative trend
2’(\)}\{/51;2\9/2 between the scientific community and industry. Multidisciplinary research networks try to understand the whole

SARS-CoV-2 pathophysiology and its relationship with the different grades of severity presented by COVID-19.
The scientific community has gathered all the data in the quickly developed vaccines that offer a protective effect
for all variants of the virus and promote new diagnostic alternatives able to have a high standard of efficiency,
added to shorter response analysis time and portability. The industry enters in the context of accelerating the
path taken by science until obtaining the final product. In this review, we show the principal diagnostic methods
developed during the COVID-19 pandemic. However, when we observe the diagnostic tools section of an efficient
infection outbreak containment report and the features required for such tools, we could observe a highlight of
electrochemical biosensing platforms. Such devices present a high standard of analytical performance, are low-
cost tools, easy to handle and interpret, and can be used in the most remote and low-resource regions. Therefore,

Electrochemical biosensors
Smart diagnostic tools

probably, they are the ideal point-of-care diagnostic tools for pandemic scenarios.

1. Introduction

Since January 2020, the world has faced an infectious disease
outbreak caused by a new zoonotic virus, SARS-CoV-2, responsible for
the new coronavirus disease (COVID-19). Research has shown that
emerging and re-emergence contagious diseases with pandemic poten-
tial have occurred regularly throughout human history (Fig. 1) since the
Neolithic Era [1-4]. A new infectious disease is often associated with the
evolution of pathogens over time (genetic plasticity: mutation,
re-assortment, and recombination) [5]. However, there are other con-
ditions involved in the epidemic outbreaks [6], such as environmental
(climate changes), ecological (deforestation), social (political and eco-
nomic), and cultural factors (religion and eating habits) [7,8].

Around 75% of epidemic diseases have a zoonotic origin (pathogens
jump from a vertebrate animal to a human). Transmission can occur by
direct contact with the animal, vectors (e.g., fleas, ticks, and mosqui-
toes), or indirect contact, such as food and water contamination [9].
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Among the pathogens that managed to cross the species barrier (ani-
mal-human), about 44% have RNA viral origin [10]. Classic examples
include HIN1, Hedra virus, Nipah virus, and human coronavirus
(HCoV).

Although the response to epidemic outbreaks (restricted region) and
natural disasters follow the same management cycle (mitigation, pre-
vention, response, and recovery) [11], the equivalent does not apply in
pandemic cases. Pandemic outbreaks present cascading effects, i.e., they
do not occur as single events in a short time but in several waves over a
long period until the entire population is immunized (vaccine or herd
effect) [12]. During that time, there are constant changes; each new
pandemic wave is different, as we can see in the current COVID-19
pandemic [13]. However, Health Agencies fight pandemics, taking
into account each new stage change. The main ways used are informa-
tion campaigns, social distancing, mask use, contact tracing, screening,
quarantines, and rigorous mobility and travel restrictions [14].

The gradual return of each activity is significant and, probably,
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different for each region since the complexity and non-linearity
(frequent waves) observed in a pandemic state can make it difficult to
return to "normal" [12]. Therefore, the population must have a robust
biosurveillance system with rapid identification of microorganisms and
efficient diagnostic tools [7]. Thus, it would be possible to implement
quick ways to measure biosafety and prevent/contain a possible
epidemic outbreak. Some forms can be early detection of the disease,
isolating and medicating the positive patient, tracking people who had
contact with a positive patient, and promoting social distancing mea-
sures proportional to the risk of person to person transmission [14,15].
The current SARS-CoV-2 pandemic has caused a “boom” in the
diagnostic tools market. In 2020, regulatory agencies received hundreds
of requests for clinical evaluation and formal approval of diagnostic
tools for SARS-CoV-2. After a year of pandemic, such agencies have
approved numerous molecular and immunological tests, but even so,
many technical and operational problems are still reported [16,17].
Success in controlling the COVID-19 pandemic is related both to the
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development of vaccines and mainly to the large-scale use of rapid and
effective diagnostic tools. With the vaccines, it is possible to immunize
the population, reducing cases of COVID-19. However, the satisfactory
level of immunization is still unclear since further studies are needed to
confirm the effect of protection against the COVID-19 variants [18,19].
Thus, a rapid diagnostic remains the “key tool” for effective containment
of the pandemic and has a high added value in reducing the damage
caused by the future waves of COVID-19 [16].

This review describes the main features of the new HCoV, its origin,
and possible factors related to the virus’s emergence, known as severe
acute respiratory coronavirus 2 (SARS-CoV-2), responsible for the cur-
rent COVID-19 pandemic and millions of deaths around the world. It
provides information about the standard tests used for diagnosis, rec-
ommended by the World Health Organization (WHO) and the Center for
Disease Control and Prevention (CDC), as well as the efforts of the sci-
entific community to improve the performance of those standard assays.
In addition, it emphasizes the need to develop new diagnostic tools for

DEATH
NUMBERS

HISTORICAL PANDEMIC

MAIN

Justinian Plague

Spanish Influenza

SARS-CoV-2 (COVID-19)
December 2019 - Current

541 - 546

Black Death
1347 - 1351

1918 - 1920

SARS - CoV -1
2002 - 2003

MERS - CoV
2012 - Current

Fig. 1. Main historical pandemics schema.
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fast viruses identification expanding the population’s access to the early
diagnosis, and avoiding virus dissemination. A promising candidate is
electrochemical sensing platforms that offer benefits, including high
sensitivity and selectivity, easy handling and interpretation (without
specialized technicians), and easy execution in the field (without the
need for laboratory structure).

1.1. Coronavirus

Coronaviridae, together with the Arteriviridae and Roniviridae fam-
ilies, belong to the order of Nidovirales. Coronaviridae family has two-
virus genus, Coronavirus (CoV) and Torovirus. Four distinct genera are
part of the CoV genus, known as alpha, beta, gamma, and delta; how-
ever, only alpha-CoVs and beta-CoVs infect mammalian hosts [20].

CoVs genome is composed of enveloped positive-sense RNA with
approximately 30 kilobases (kb), carrying a leader sequence, ORFlab,
which encodes proteins responsible for viral replication and transcrip-
tion and represents about two-thirds (67%) of the genome [21]. ORFlab
encodes, therefore, non-structural proteins (nsp) 1-16, including the
RNA-dependent RNA polymerase (RdRp) complex [22]. The remaining
third part of the genome encodes structural proteins: spike (S), envelope
(E), membrane (M), nucleocapsid (N), and accessory proteins [23,24]. S
protein gives the spike-like projections on the surface of CoVs, confer-
ring their distinctive aspect of a crown [21].

RdRp complex is a catalytic component composed of three non-
structural proteins: nsp7, nsp8, and nspl2, responsible for cleaving
ORFlab. Nspl2 presents the active site, and the protein heterodimer
nsp7-nsp8 activates nspl2. Therefore, the main component for RNA
synthesis is such a protein set since RNA replication, and genome tran-
scription occurs after cleavage of ORFlab [25,26].

Studies have shown that N and S structural proteins are closely
related to CoVs pathogenicity. N protein plays an essential role both in
viral genome packaging and viral transcription [27,28]. In addition,
researches have shown that N protein may also be associated with the
host’s immune response suppression, facilitating viral replication [29]. S
proteins have two subunits (S1 and S2), with distinct functions. S1 binds
to the cell surface receptor host through the receptor-binding domain
(RBD) region present in this subunit. On the other hand, S2 mediates
virus fusion with the host cell membrane [21].

Viruses with RNA genomes present high mutation rates due to
peculiar features of RNA genomes not found in DNA genomes, such as
high rates of replication, recombination, and segmentation in a short
time. Thus, these features enable a rapid viral genome evolution, fa-
voring variants emerging that can present new characteristics as viru-
lence increases [30]. The CoVs, RNA viruses, have innumerable
mutations, mainly in the S protein, which could not be different. These
mutations can favor the adaptation of this protein to various host re-
ceptor types, causing changes both in the tropism and in the pathoge-
nicity of CoVs [31].

The first report about CoV isolation was made in the 1930 s in
samples from chicken infected with avian bronchitis virus (IBV); ever
since, many other zoonotic hosts were a source for virus isolation (birds,
pigs, cows, dogs, cats, bats, and others) [32,33]. The animal-human
species barrier was crossed in the mid-1960 s, when the first human
coronavirus, HCoV-229E, was isolated from patients with common cold
symptoms [34]. Those viruses predominantly cause respiratory and in-
testinal infections and induce a wide range of clinical manifestations.
Initially, pathogenicity classification categorized HCoVs as low patho-
genic in humans (HCoV-229E, HCoV-NL63, HCoV-OC43 and HKU1) and
symptoms were associated primarily with mild and self-limiting upper
respiratory tract infections, such as common cold [35]. However, in the
2000 s, more specifically in 2002 and 2012, two new HCoV were iso-
lated from patients with severe respiratory symptoms. These new viruses
were officially named severe respiratory syndrome (SARS-CoV) and the
Middle East respiratory syndrome (MERS-CoV). Phylogenetic studies
showed that both belonged to the beta-CoV genera and originated from
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bats. Although CoVs have bats as their original host, they are not directly
transmitted to humans, needing an intermediate host: civet for
SARS-CoV and dromedary camels for MERS- CoV [36].

SARS was considered the first Pandemic of the 21st Century [37]. In
2002, cases of SARS-CoV-1 were first reported from Guangdong prov-
ince (China) and quickly spread to the entire continent. This pandemic
resulted in over 8422 cases in 26 countries and about 900 deaths [38]. In
2012, MERS-CoV infection spread from Saudi Arabia to more than 27
countries across the Middle East, Europe, North Africa, and Asia [36].
According to the last update (May 5, 2020) published by WHO,
MERS-CoV number of cases reported globally was 2553 with 876 asso-
ciated deaths [39].

1.2. COVID-19: origen, spread, and pathogenesis

In December 2019, many patients were diagnosed with unexplain-
able pneumonia. All patients, initially, were epidemiologically associ-
ated with the Huanan market from Wuhan province, China. WHO was
alerted for the possibility of an unknown viral outbreak. In January
2020, these cases of pneumonia and a new HCoV type were associated
[40].

The phylogenetic analysis showed that this new HCoV presented
more than 95% homology with bat coronavirus and more than 80%
similarity with SARS-CoV [41]. Given this homology, the new HCoV was
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
by the International Committee on Taxonomy of Viruses (ICTV), causing
COVID-19 [40].

On August 20, 2021, WHO reported a total of 209,876,613
confirmed cases of SARS-CoV-2 and 4,400,284 deaths worldwide. Until
August 19, vaccine doses administered were 4,562,256,778. On March
27,2020, China had the highest number of confirmed cases, with 82,078
cases, followed by Italy, with 80,539 cases. Nowadays, (July 19, 2021),
the USA presents the most confirmed cases (33,723,155), followed by
India (31,144,229) and Brazil (19,342,448). The countries most affected
in the first quarter of the pandemic, China and Italy, apparently
managed to contain the outbreak and reduce the virus spread, currently
presenting 119,698 and 4,287,458 of the confirmed cases (cumulative
total), respectively. About the death numbers (cumulative total) caused
by COVID-19, the country that is currently in the first position is the USA
(603,790), followed by Brazil (541,266) and India (414,108). Italy is in
eleventh (127,867) and China is in ninety-eighth position (5.616) [42].

The viral infection starts with the entrance of the virus into host cells.
In the case of HCoVs, the RBD domain present in the S1 subunit of S
protein recognizes the receptor located on the host’s cell surface, initi-
ating virus entrance into the cytosol. In both SARS-CoVs, the RBD
domain specifically recognizes angiotensin-converting enzyme-2
(ACE2) receptor in host surface cell, whereas in the MERS-CoV, the RBD
domain specifically recognizes dipeptidyl-peptidase-4 (DPP4) receptor,
also called CD26 [43].

Although the entry of the SARS-CoV-2 into the host’s cell occurs
through the attachment between ACE2 receptor and S protein, new re-
searches have shown that S protein can also bind to other receptors, such
as NRP1 (neuropilin-1) receptor [44]; however its mechanism is not yet
fully understood.

Native S protein is present on the viral envelope surface in its closed
form (inactive S protein), in which RBDs domains are inaccessible to the
cell receptor. After protein cleavage, the S1 subunit opens (active S
protein), exposing the RBD domain [45]. Depending on the type of
protease present in the host’s tissue, SARS-CoV-2 can enter cells by two
distinct pathways, the early (non-endocytic) and the late (endocytic)
pathways. Proteases expressed in the cellular membrane, such as
trypsin, furin, and TMPRSS2, lead SARS-CoV-2 to the non-endocytic
pathway. These host’s enzymes cleave the S protein, causing confor-
mational changes that expose the S2 subunit and, consequently, virus
fusion immediately with the host’s plasma membrane [43]. In the
absence of those enzymes, the virus enters by the late pathway, within
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vesicles (endosomes) after S protein cleavage by endosomal proteases
(clathrin and non-clathrin types) [44]. The non-endocytic pathway
shows to be much more efficient, reaching an infection rate of 100-1000
times higher [46].

ACE2 and NRP1 receptors are expressed in multiple tissues from the
human body, as oral mucosa, lungs, kidneys, liver, heart, intestines,
brain, blood vessels, and others [47]. That is why SARS-CoV-2 also can
invade these tissues and induce systemic inflammation, leading to
multiple organ dysfunction syndromes [48]. Much research has shown
that SARS-CoV and SARS-CoV-2 recognize the same host-receptor.
However, SARS-CoV-2 presents greater pathogenicity and is more
virulent than SARS-CoV. These features are due to some alterations
found in the SARS-CoV-2 (Fig. 2). Such as (i) attachment to more than
one receptor (ACE2 and NRP1) [44]; (ii) entrance by two different
pathways [46]; (iii) cleavage site for furin protease in the S protein [49];
and structural differences in RBD domain that provides more binding
motif to ACE2 receptor, favoring more vital interaction [50].

According to CDC [51], the primary SARS-CoV-2 infection route
exposes to respiratory droplets carrying the infectious virus.
Virus-containing respiratory droplets can spread when an infected per-
son (symptomatic or asymptomatic) exhales droplets (breathing,
speaking, singing, coughing, sneezing) close to another person. How-
ever, less common but possible is the transmission by contact with a
surface that has been contaminated [51].

WHO and CDC suggest that the SARS-CoV-2 RNA shedding period
(time between exposure to the pathogen and first symptoms appear-
ance) varies from 2 to 14 days with an average of approximately five
days, similar to SARS-CoV [52]. However, SARS-CoV-2 duration in the
human body is not yet fully understood since it can vary from person to
person. Some studies have reported that time may be more prolonged.
Zhou et al. [53] did a retrospective study with 191 patients from Wuhan
hospitals (China) and observed that SARS-CoV-2 RNA could be detect-
able for an average period of 20 days, with the shortest time eight days
and the longest, 37 days (more than one month). Similar results were
observed for Mancuso et al. [54] in patients of various hospitals from
Italy. Li et al. analyzed the genomes of the firsts patients from Wuhan
hospital. They founded different results from those published by Zhou
et al. Li and collaborated showed that such genome samples presented a
mean viral RNA time detected of 53.5 days, with the longest time of 83
days (approximately three months) [55]. Other researchers also
analyzed samples from Wuhan hospital, but these studies took samples
from infected patients at different periods. They reported that the
average of the RNA shedding was 92 days, and the longest was 118 days
(approximately four months) [56]. Thus, the presence of SARS-CoV-2

SARS - CoV - 2 COMPARED TO SARS - CoV -1

FACTOR SETS RELATED TO
THE INCREASED PATHOGENICITY AND VIRULENCE

MORE THAN ONE VIRAL RECEPTOR TWO DISTINCT PATHWAYS
(ACE2 + NRP1)* - FOR VIRUS ENTRY

* Possibly other Non-endocytic and y

STRONGER INTERACTION

CLEVAGE SITE FOR FURIN
PROTEASE IN THE S-PROTEIN

BETWEEN THE
- S-PROTEIN AND ACE2 RECEPTOR!

Fig. 2. Graphic illustration of the factor sets that increased the SARS-CoV-2
pathogenicity and virulence in comparison to SARS CoV-1.
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RNA in the human body can be longer than initially suspected. How-
ever, there is still insufficient data to affirm whether this prolonged time
of the virus in the body may be related to a more extended transmission
period [57].

SARS-CoV-2 infection induces the production of three antibodies
(IgA, IgM, and IgG). The seroconversion process can begin simulta-
neously or sequentially from the 7° to 14° day (on average 5° days) after
the appearance of the first symptoms [58]. IgA and IgM antibodies
provide early defense, while IgG is responsible for long-term immunity
and immunological memory.

SARS-CoV-2 IgM e IgG can be detectable from 4° and 7° day of the
initial symptoms, respectively [59], unlike SARS-CoV-2 IgA, which can
be detectable from 2° day [60]. Studies show that the IgA levels were
significantly higher than those of IgM in both severe and non-severe
patients, making it a pivotal biomarker to COVID-19 pathogenesis [60,
61].

It is not yet clear how long the organism can provide enough IgG
titers to keep immunization. Research shows that antibody titers
decrease 2-6 months after acute infection, indicating that reinfection
may occur [62]. Reinfection is occurring in diverse countries. However,
there is not yet a consensus about this process, since it may be associated
with: (i) non-durable protective immunity [58]; (ii) different strains of
the same virus [63] or; (iii) both [62].

Older age, pre-existing comorbidities (chronic hypertension, dia-
betes, obesity, chronic lung disease, cardiovascular disease), and preg-
nancy are considered risk factors for developing severe COVID-19 [64].
So far, little information about vertical transmission is available, but
there are some report-cases about the SARS-CoV-2 RNA presence in the
fetal side of the placenta. Most children do not present symptoms, but
they are considered one of the main COVID-19 transmitting agents for
close family members [65].

Infection and death rates have been distinctive both within the same
country and among countries [66,67]. Moreover, it is essential to
highlight that the behavior of COVID-19 in different continents is un-
clear [40]. That reinforces how much we have yet to learn about
COVID-19. Aspects of SARS-CoV-2 infection lika pathogenicity, host’s
immune response, ethnicity, viral mutation rate, rapid variant appear-
ance and vaccine efficiency are not fully understood, motivating even
more scientific community to elucidating all questions involved in
SARS-CoV-2 infection.

1.2.1. Impact of SARS-CoV-2 variants in the world

Studies carried out by WHO and CDC reported the presence of
multiple SARS-CoV-2 variants circulating the world. Analysis of 10,022
SARS-CoV-2 genomes revealed more than 67,700 variants [68]. The
term "variant” or "strain" designates the viral particle with one or more
mutations, leading to changes in some phenotypic features, antigenicity,
transmission, or virulence [69]. One of the most worrying mutations in
the SARS-CoV-2 was point mutation in the S gene (from ASP614 to
GLY614), giving rise to a new strain called D614G. This amino acid
change allowed the virus to increase its transduction and infection ca-
pacity up to 8X [70].

According to CDC, the D614G strain has caused great concern, since
from this variant descend the most other variants are circulating glob-
ally. Based on the SARS-CoV-2 control effect, CDC classified the variants
into three categories: decrease immune function (antibody neutraliza-
tion capacity), decrease diagnostic accuracy, and decrease efficiency of
treatments and vaccines. The sorting order starts from the lowest to the
highest level: (1) Variant of Interest (VOI); (2) Variant of Concern
(VOCQ); and (3) Variant of High Consequence (VOHC) [71]. However, the
variant status might escalate or deescalate based on emerging scientific
evidence; therefore, CDC constantly updates the ranking of each variant
[72].

WHO classifies variants according to CDC; however, it differs from
the United States classification. Due to these differences, WHO proposed
using Greek letters (label), such as Alpha, Beta, Gamma, as a practical
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way of discussing variants by non-scientific audiences. The variants and
their classifications are described in Table 1 [72].

VOIs present genetic modifications that change to receptor binding
and decrease antibodies functions, reducing the efficacy of the diag-
nostic, therapy, and vaccination and increasing the transmissibility and
disease severity. VOCs present an improvement of the attributes found in
VOIs. Such variants reduce diagnostic capability; they also increase the
virus’s resistance to one or more classes of therapies, and significantly
decrease the host immune function and the protective effect of the
vaccines, raising the transmissibility and disease severity (e.g., increased
hospitalizations or deaths). These variant types might require one or
more appropriate public health actions, such as notification to WHO;
efforts to spread control (testing and quarantine implementation);
research to determine mutation rate and update in the diagnostics,
treatments, and vaccines; and closely monitoring by federal agencies.
VOHC has all attributes found in the VOCs; furthermore several attri-
butes increase the concern level by health agencies. Fortunately, to date,
no variant has been found to belong to this classification. Variants of this
classification would have high impacts on medical countermeasures,
such as a high increase in the diagnosis failure; significant reduction in
vaccine effectiveness; reduced susceptibility to the various approved
therapies; increased hospitalizations, and high severe clinical disease,
with increased mortality [72].

As an RNA virus, SARS-CoV-2 presents a propensity for rapid evo-
lution, which results in a great diversity of variants with different
characteristics from their prior strain. The first dominant variant iden-
tified was D614G, and since then, scientists have described several
others, some of which are considered VOCS.

One of the main concerns among SARS-CoV-2 variants is the
B.1.617.2 (Delta) variant. According to WHO, this variant was first
identified in India in late 2020 and quickly spread to more than 80
countries; however, it is more prevalent in India and the UK [73,74].

Table 1
SARS-CoV-2 Variant Classifications by CDC.
VoI WHO 1° Identified place  Spike protein substitutions
label
B.1.427** Epsilon U.S. (California) L452R; D614G
B.1.429%* Epsilon U.S. (California) S13I; W152C; L452R; D614G
B.1.525 Eta U.K./Nigeria A67V; 69del; 70del; 144del; E484K;
(December 2020) Q677H; F888L; D614G

B.1.526 Lota U.S. (New York)

(November 2020)

L5F, (D80G*), T95I, (Y144-*),
(F157s*), D253G, (L452R*),
(S477N*), E484K, D614G, A701V,
(T859N*), (D950H*), (Q957R*)
(T95I), G142D, E154K, L452R,

B.1.617.1 Kappa India (December

2020) E484Q, D614G, P681R, Q1071H
B.1.617.3 - India (October T19R, G142D, L452R, E484Q,
2020) D614G, P681R, D950N
P.2 Zeta Brazil (April E484K, (F565L*), D614G, V1176F
2020)
vocC WHO 1° Identified Spike protein substitutions
label place
B.1.1.7 Alpha The U.K. 69del, 70del, 144del, (E484K~),
(5494P*), N501Y, A570D, D614G,
P681H, T7161, S982A, D1118H
(K1191N%)
B.1.351 Beta South Africa D80A, D215G, 241del, 242del,

243del, K417N, E484K, N501Y,

D614G, A701V
India (October T19R, (V70F*), T951, G142D, E156-
2020) , F157-, R158G, (A222V*),
(W258L*), (K417N*), L452R,
T478K, D614G, P681R, D950N
L18F, T20N, P26S, D138Y, R190S,
K417T, E484K, N501Y, D614G,
H655Y, T10271

B.1.617.2 Delta

P.1 Gamma Japan/Brazil

(**) Deescalated from VOC on June 29, 2021 (Efficient response to therapy and
vaccine)
(*) detected in some sequences but not all
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B.1.617.2 presents several point mutations, including ASP614 to
GLY614 in the S protein (D614G), as shown in Table 1. Besides the
D614G mutation, other mutations, L452R, P681R, and T478K, cause
significant public-health concerns [75]. The L452R mutation is more
transmissible and has greater efficiency for immune evasion in vaccine
sera; P681R increases transmission, and T478K generates greater
infectivity [76].

Reseachs shows that the B.1.617.2 is increasing exponentially
worldwide, and probably soon, it could become the dominant variant.
This Delta strain appears to be spreading 60% faster than the Alpha
strain (B.1.1.7), which already had a transmissibility rate of about 50%
compared to the original strain of SARS-CoV-2 [77].

On June 6, 2021, the Health Ministry of India announced the dis-
covery of a new variant originating from the Delta strain (B.1.617.2),
called Delta Plus (B.1.617.2.1). In 3 months, Delta Plus is already pre-
sent in nine countries: the USA, UK, Portugal, Switzerland, Japan,
Poland, Nepal, Russia, and China [78]. The most prevalent version of
this Delta plus variant worldwide is designated AY.1. However, other
versions are AY.2 e AY.3, mainly restricted to the United States [79].

Delta plus variant has the addition of a point mutation, K417N, that
is associated with immune escape, although its impact on trans-
missibility remains unclear [80]. In the original strain, RBD K417 res-
idue is linked to ACE2 D30 residue by a salt bridge, considered one of the
strongest non-covalent bonds. Thus, these residues contribute to the
high binding affinity of SARS-CoV-2 to the ACE2 receptor [81].
Although K417N mutation loses three atomic contacts, reducing the
contact of this residue to D30 of ACE2 and destabilizing the salt bridge, it
increases by six atomic contacts the binding of the neighboring L455 to
D30 of ACE2. Thus, K417N mutation slightly increases the binding af-
finity of S protein to ACE2 [82,83].

Many aspects of the Delta plus variant still need to be better studied.
It remains unclear whether this additional mutation will make the Delta
plus variant more transmissible, infectious, or resistant to antibodies
than the original Delta variant. Another point to be clarified is how
effective the current vaccines will be against this new variant.

2. COVID-19 diagnostics: main approaches

Rapid diagnostic, social isolation and masks are critical for control
outbreaks and prevent viral spread. COVID-19 has non-specific mani-
festations, which can range from no symptoms to severe symptoms and
death. Such a non-specificity aspect can be a problem for the health
system because it can hamper correct diagnosis and epidemiological
mapping (Fig. 3A).

2.1. Reference standard assays

Health organizations recommend reverse transcription-polymerase
chain reaction (RT-PCR) as the “gold standard” for the SARS-CoV-2
RNA detection [84] and serologic assay to identified SARS-CoV-2 anti-
bodies from clinical specimens [85-87]. Nucleic acid assay identifies
viral gene presence, measures active infection and guides public au-
thority to contain the viral spread. Antibodies detection tests identify
previous infections, helping to understand the behavior and progression
of the disease, contributing to epidemiological data survey.

On June 11, 2020, WHO added the chest-image tools to the test list
for COVID-19 diagnostic workup [88]. Among various imaging tools, the
chest computed tomographic (CCT) showed greater sensitivity [89].
CCT is a routine technique for lung lesions evaluation in patients with
some pulmonary dysfunction. Consequently, CCT can help in COVID-19
diagnostic and progression (from symptom presentation to home
discharge). However, CCT is an option cases like RT-PCR unavailable;
RT-PCR result delayed; symptomatic patient with negative RT-PCR;
patients with moderate to severe symptoms, which present some
risk-factor; and patients with worsening of the respiratory condition [88,
90]. In this way, CCT can be an integrated part of the medical screening
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system, particularly for patients who need emergency care.

2.2. Main features about reference standard assays

2.2.1. SARS-CoV-2 RNA detection

The start point for COVID-19 diagnostic is SARS-CoV-2 RNA detec-
tion by nucleic acid amplification tests (NAATs). NAATSs assays can
amplify low numbers of DNA copies in millions of orders of magnitude
with high sensitivity and specificity, being excellent tools for the early
diagnosis of infectious diseases. WHO recommends using RT-PCR, a

reverse transcription reaction followed by PCR, for SARS-CoV-2 RNA
detection utilizing samples collected from the upper respiratory tract for
spontaneously breathing patients (oropharynx and nasopharynx re-
gions) and lower respiratory tract for mechanically ventilated patients
[91].

The targets for SARS-CoV-2 RNA detections, approved by CDC and
WHO, have some distinctions. N1 and N2 genes are recommended by
CDC [92], while RdRp, E, and N genes are recommended by WHO [91].
E gene is the first line-screening assay, and RdRp and N genes are used
for confirmatory tests. The gene human-RNase P (RP) is a positive control
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[93].

Although the RT-PCR technique is well known as an accurate method
for detecting viral genetic material, many studies show that this tech-
nique can present false-negative results for SARS-CoV-2 RNA [94-96].
Many factors may generate false-negative results. Two critical points are
sample quality (stage of the disease, viral load, virus replication, RNA
extraction, location, and collection way) and the PCR assay (reagents,
melting temperature, primers, and probes sets) [91,97].

Additional limiting factors for extensive usage of NAATSs for infection
disease diagnosis are infrastructure, high-cost reagents and equipment,
refrigeration for reagents and samples, and trained professionals. Due to
the need for this infrastructure, these assays are inappropriate for use in
resource-poor settings [98].

2.2.1.1. Other molecular techniques for SARS-CoV-2 RNA detection.

Reverse transcription loop-mediated isothermal amplification (RT-
LAMP) is an alternative approach to the traditional RT-PCR method.
Compared with the other amplification methods, the LAMP methodol-
ogy is faster and the whole process takes place at a constant tempera-
ture. Such an innovative technique uses two important features to
decrease reaction time: a polymerase with displacement activity and a
set of 4-6 primers designed to create loop structures in the template
containing primer annealing sites for amplification. The effect is an
amplification product (amplicon) identified by color, turbidity or fluo-
rescence detection in a few minutes. Besides shorter reaction time, the
assay can occur in simple devices, some of them developed to be used in
no power condition, as battery-coupled machines or fast colorimetric
tests, revealing a sensitive and easy-to-use potential for point-of-care
diagnosis [98]. These features make the LAMP assay an appropriate
detection tool for outbreaks of emerging and reemerging diseases [99].

However, although RT-LAMP presents advantages compared to
conventional RT-PCR, it has some intrinsic limitations, such as a com-
plex pre-study to select the better-conserved target gene region and the
design of more efficient primer sets. In addition, the RT-LAMP can
present false-positive results during its post-amplification process,
characterized by the PCR inhibition internal control, which can lead to
non-specific amplification products [100-102].

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR/Cas-based assay) is a sophisticated technique of gene-editing
that has revolutionized the molecular biology field. CRISPR is an
important bacterial defense mechanism against an invading genome,
characterized by small nucleic acid sequences repeated throughout the
bacterium genome. There is a "nucleic acid spacer," called Protospacer
Adjacent Motif (PAM), between each short palindromic sequence. PAM
is a short non-coding sequence, which indicates the cleavage site for an
enzyme known as Cas. Then, the CRISPR sequence is transcribed in small
RNA fragments (crRNA or guide-RNA), which have the ability to
annealing with foreign DNA. The guide-RNA (gRNA) orients the Cas
enzyme until cleavage site, and next, the invading genome is eliminated
[103].

Although numerous Cas enzyme types exist, only those with nuclease
activity, such as Cas-12 and Cas-13, are used for diagnosis. Furthermore,
for the CRISPR/Cas system to be used as a detection tool, the gRNA must
be genetically modified to bind a specific target sequence. After, the
cleaved fragments link to a fluorescent probe to be quantified by fluo-
rescence spectroscopy [104]. Some reports show that when this system
is associated with a pre-amplification method, there is a sensitivity
improvement of the assay, allowing the detection of deficient levels of
concentration of target [105]. Therefore, the recent viral spread of
SARS-CoV-2 has led to numerous adaptations of CRISPR/Cas systems for
COVID-19 diagnosis.

Broughton et al. [106] reported developing a CRISPR-Cas12-based
assay, called SARS-CoV-2 DNA Endonuclease-Targeted CRISPR Trans
Reporter (DETECTR). This platform uses RT-LAMP simultaneously. Re-
searchers designed primer sets for E and N genes (both recommended by
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WHO and by CDC). They used two sgRNAs projected (i) to bind in se-
quences of the E gene found in three SARS-like coronaviruses (SAR-
S-CoV-2, bat-SL-CoVZC45, and SARS-CoV) and (ii) to bind in sequences
of N gene found only in SARS-CoV-2. DETECTR considers positive re-
sults for SARS-CoV-2 detection of two genes (E and N). Seventy-eight
samples from American patients were analyzed (36 positives for
COVID-19 and 42 samples with other viral respiratory infections). The
sample-to-result time was around 45 min, with a detection range be-
tween 70 and 300 copies/ul of input, and the positive and negative
predictive values were 95% and 100%, respectively.

Zhang et al. published a protocol modification in the SHERLOCK
platform for SARS-CoV-2 detection. Methodology evolved S and Orflab
genes as targets and used synthetic samples of COVID-19 RNA frag-
ments. Detection ranged between 20 and 200 attomolar (aM) (10-100
copies/pl of input), and assay time (from RNA purified) was less than an
hour [107].

Metsky et al. [108] provided developing algorithms and machine
learning models for rapidly designing nucleic acid detection assays and
multiplex panels connected to a system called ADAPT. They analyzed 67
viral genomes responsible for several viral infections, including
SARS-CoV-2, phylogenetically close to SARS-CoV-2 and other respira-
tory viruses. The ADAPT showed that only one sgRNA sequence is
required for targeting SARS-CoV-2 RNA, unlike protocols described by
Broughton et al. and Zang et al., which used two gRNA. Metsky et al.
tested sgRNA obtained by ADAPT in an experimental assay based on the
SHERLOCK platform. They observed that only one sgRNA, unlike
SHERLOCK original protocol, is enough for high sensitive detection from
synthetic SARS-CoV-2 RNA (10 copies/pl of input),

In summary, the CRISPR/Cas system has shown be promise tech-
nology for diagnosing various diseases [109-111]. However, there are
still many caveats related to this technique. Among them, it is possible to
highlight: (i) the need for a professional with experience in protein
purification and in molecular biology techniques for that all reaction
components are made and used correctly; (ii) difficulties in obtaining
pre-designed kits (reaction components); (iii) decreased sensitivity and
specificity of the assay when using the pre-made kits; and (iv) all the
disadvantages (pre-mentioned) related to the amplification assays [103,
105].

2.2.2. SARS-CoV-2 antibody detection

Immunoassays are also approaches used in the frontline testing for
specific diagnoses of COVID-19. These assays can provide information
on whether a person was infected recently (active viral infection) or in
the past [112].

After one year and a half of SARS-CoV-2 discovery, there are still
several gaps to be understood about the immune response against the
viruses. Some studies related S and N viral proteins as primarily
responsible for inducing immune response [113]. N protein has shown
to be more immunogenic among HCoV proteins, but it induces anti-
bodies with a shorter duration than ones against S protein. Studies have
reported that S protein antibodies can be viable 11 years after patient
exposition to some HCoV type [114]. Such findings make S protein the
target of choice for studies related to the production of vaccines [29].

SAR-CoV-2 immune memory is not yet fully understood. Some cases
reported have suggested a short timeframe, around four months, be-
tween recovery and possible reinfection in the same person [62].
Therefore, WHO and CDC have emphasized that immunodiagnostic tests
should be used in cases of evaluating the infection progression, epide-
miological screening, and in the research environment [115].

The main immunological tests used for diagnosing SARS-CoV-2
infection include neutralization antibody (NA), rapid diagnostic test
(RDT), chemiluminescence immunoassay (CLIA), and enzyme-linked
immunosorbent assay (ELISA) [116].

In NA assay, the patient’s sample is added to a cell culture medium
and incubated for 3-5 days. The functional ability of antibodies against
SARS-CoV-2 is then determined. Although more specific and accurate,
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NA assay requests a long period and biosafety certificates laboratories
(BSL2 or BSL3), making them impracticable for rapid tests [116].

RDT is a simple, fast, and inexpensive test based on the lateral flow
immunoassay (LFIA) method to detect specific antibodies (IgG, IgM, or
IgA) of SARS-CoV-2. In this technique, a drop of a patient’s sample
(whole blood, serum, or plasma) is spilled on a disc strip, where the
reaction occurs. The result is released on average 20 min later, pre-
senting the potential to be used as point-of-care tests. However, this
method has shown poor accuracy, less than 20% compared to ELISA,
causing a high rate of false-negative results [117].

CLIA is a method that combines chemiluminescence with immuno-
reaction (antibody-antigen interaction). When the target recognizes and
interacts with a receptor linked to a luminescent molecule (luminol,
acridine, and their derivatives), such a molecule is released. It returns to
its fundamental state, emitting light [118]. The intensity of light emitted
has a linear relationship with the concentration of the measured sub-
stance [119], with an average time-to-result of 1-2h [116].

ELISA is the most common immunodiagnostic method. This assay
has a similar concept to the CLIA. Immunoreaction is also associated
with light emission from a chromogenic agent released in the reaction,
and the intensity of emitted light corresponds to the target concentration
in the sample [120].

ELISA is robust and easy to perform regarding immunoassays.
Nevertheless, for SARS-CoV-2, these tests have low sensitivity and
specificity when compared with antibody detection of other infection
agents. These caveats are related to the unclear SARS-CoV-2 antigens
definition for antibody detection; or usage of different targets for anti-
bodies, as S protein, N protein, or both; or cross-reaction with other
HCoVs antigens (high antigenic homology), and dependence on anti-
body production kinetics [112,121-123].

2.2.3. Routine assays and CCT images

Blood routine tests can complement diagnosis. Some reports identify
alterations in blood components suggestive of early SARS-CoV-2 infec-
tion, as lymphocyte count reduction and an increase of serum amyloid A
(SAA), C-reactive protein (CRP), and erythrocyte sedimentation rate.In
severe cases, an increase in the rates of creatine kinase (CK), lactate
dehydrogenase (LDH), and aspartate transaminase (AST) can be detec-
ted [124]. Because these alterations can be associated with other viral
infections, specialists should interpret results with caution. In cases of
doubt, a more specific test, as RT-PCR, is recommended.

SARS-CoV-2 causes typical pulmonary alterations in most COVID-19
patients, such as ground-glass opacities, multifocal patchy consolida-
tion, or interstitial changes with a peripheral distribution. These ab-
normalities are not specific to COVID-19 since they exist in other
pathologies [125]. Nevertheless, CCT has played a crucial role in
symptomatic patients with negative RT-PCR, helping diagnosis by im-
ages alterations, clinical and laboratory evidence, and information if the
patient had contact with a patient diagnosed with COVID-19 [97].

3. Challenges to control the COVID-19 pandemic

The global scientific community has come together to improve
existing assays and develop new ones that can help understand the
pathogenesis and epidemiology of SARS-CoV-2, and expand the diag-
nostic assays for this virus and thus contribute to the pandemic end.
However, despite all the worldwide aid, there are still several challenges
to achieving an excellent diagnosis performance (effective and accurate
SARS-CoV-2 detection) (Fig. 3A/B). Among them, can be a highlight: (i)
non-specific symptoms, which may be confused with other diseases; (ii)
high correlation phylogenetic and immunologic with other coronavirus
species, which may cause false-positive results and (iii) overload of
diagnostic capacity, causing delays in the patient samples analysis [16,
40,65,97].

Proper sample collection is essential for an effective diagnosis of
infectious diseases. According to WHO [126], the ideal samples for
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genetic detection of SARS-CoV-2 are those collected in the patient’s
airways. From patients who present infections at an early stage, mild
disease, or asymptomatic, samples should be collected by swabs, in the
upper airways region, both in the nasopharyngeal and oropharyngeal
regions. However, when the RT-PCR result is negative, but there is a
strong clinical suspicion that the result is false-negative, the patient
should do a new test with a sputum sample. Nevertheless, if the patient
has a severe respiratory problem, the medical team may resort to
endotracheal aspirate or bronchoalveolar lavage.

According to the global health agencies, only in the 21st century
were recorded unprecedented outbreaks caused by infectious diseases,
e.g., Dengue, SARS, MERYV, Ebola, Zika, and recently SARS-CoV-2. In
2004, WHO organized a meeting to discuss prevention strategies for the
emergence of new infectious outbreaks with the potential pandemic.
The meeting showed world leaders the damages that a long pandemic
could have on both a country’s health and the economy. Moreover, how
a fast viral containment could help mitigate the social and economic
impact. The main strategies suggested were to be improved in all
approach types, including rapid communication between agencies and
countries to avoid, control, and reduce the impact caused to society
[127].

As highlighted at the meeting, it is imperative to emphasize that a
quick and effective diagnosis is crucial to mitigate the disease outbreaks
effect. Recent outbreaks reinforce the need to use a point-of-care (POC)
approach to control the disease epidemic. A study made by Kost et al.
[128] and Perkins and co-workers [129] point out the need to imple-
ment in the school curriculum the learning of essential themes related to
public health, more specifically about the point-of-care test (POCT).

The biggest Ebola outbreak took almost two years (2014-2015) and
could have been avoided if the lessons about infectious disease out-
breaks had been strictly followed. The ability to perform effective
diagnosis and control of the outbreak took about a year and cost about
$2-3 million. According to Perkins, world authorities must consider that
“diagnostic development and validation are time-consuming; they
should be carried out in anticipation of epidemics rather than in
response to them” [129]. Unfortunately, despite the efforts made by the
health agencies and scientific community, the world authorities still do
not manage an efficient response. In the SARS-CoV case, the first
outbreak occurred eighteen years ago. It was impossible to implement
preventive safety measures to contain the spread of the disease, such as
rapid and effective diagnosis, drug development, and rapid deployment
of medical infrastructure.

COVID-19 showed to the world the importance of good resource
management in cases of a pandemic. SARS-CoV-2 made us reflect on the
importance of constant investments and incentives in the science and
technology. Such incentives could improve to the basic principles of
science, increasing technological support for developing new tools
capable of predicting, diagnosing, and containing new pandemic
outbreaks.

After implementing collaborative data support between academia
and industry was possible to observe the rapid development of new
diagnostic tools, drugs, and vaccines against COVID-19 [16]. This
connection takes us to the definition of translational medicine (MT), an
area that is currently expanding. MT presents an interconnected
approach, covering each stage of the research to the commercialization
of the final product, which streamlines the entire process, benefiting the
population [130].

Thereby, diagnostic technology investments could provide the health
system with new approaches, as high-performance tools, which present
fast response, high specificity and sensitivity in detection, ease of use,
low cost, portability, and PCR-free (Fig. 3B). With such improvement
approaches, we would probably be able to achieve the ideal scenario for
pandemic control.
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3.1. Biomarkers: the importance of specific target for diagnosis

A crucial step for SARS-CoV-2 diagnosis was the fast sequencing of
the entire genome and its availability in public databases by Chinese.
Genome analysis is considered the main form to find specific biomarkers
for infectious disease detection. Biomarkers are molecular signatures
associated with the presence, severity, or disease type necessary for
diagnostic, prognosis, monitoring, and therapy.

Multi-omics analysis (genomics, transcriptomics, proteomics, and
metabolomics) has proved to be a robust approach to identify several
molecular signatures associated with COVID-19[131]. Such approaches
provide a holistic molecular perspective of biological systems compared
to traditional analysis. For SARS-CoV-2 (Fig. 4), omics studies have
revealed deregulations of some inflammatory factors, metabolites, and
other molecules found in blood, including amino acids, carbohydrates,
fatty acids, and glycerophospholipids [132].

Zhang et al. [133] analyzed 140 samples from positive RT-PCR pa-
tients for SARS-CoV-2 and observed a positive correlation between
decreasing in blood eosinophil and lymphocyte with the severity of the
disease. Messner et al. [134] analyzed other 188 serum samples. They
found 27 potential biomarkers (complement factors, the coagulation
system, inflammation modulators, and pro-inflammatory factors)
differentially expressed depending on the COVID-19 severity grade.
Among these classes of biomarkers, the interleukin 6 (IL-6) was more
elevated in severe disease presence. The IL-6 is associated with inflam-
matory cascade and, consequently, presents an essential role in the host
immune modulation. So, IL-6 can be a relevant predictive biomarker of
the SARS-CoV infection progression [135].

Ellinghaus et al. [136] analyzed 3815 samples from Italy and Spain
patients (1610 positive samples and 2205 controls). They performed a
genome-wide association study (GWAS), which associates specific ge-
netic variations with particular diseases [137]. In total, they analyzed 8,
582,968 single-nucleotide polymorphisms (SNP) common to both
countries. The results show two independent gene variants associated
with the severe form of COVID-19, rs657152 (A or C SNP) at locus
9q34.2 and rs11385942 (insertion-deletion GA or G variant) at locus
3p21.31. The 9q34.2 locus is responsible for encoding ABO antigen
erythrocyte proteins. According to the analysis, patients with blood
group A present a higher risk of developing severe COVID-19 than any
other blood group. However, the 3p21.31 locus contains genes that
encode chemokines, whose function is to attract immune cells to
infection sites. Modification in these genes can lead to an increase in the
immune response. Furthermore, the SLC6A20 gene, also present in the
locus, encodes neuronal norepinephrine transporter (NET) that interacts
with ACE2, the SARS-CoV-2 cell-surface receptor [138,139].
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Polymorphisms in this gene have been associated with neurological and
blood pressure disorders [125], leading to higher susceptibility to severe
forms of Covid-19 [140,141].

Kong et al. [142] have found in 24 positive patients for COVID-19
that vascular endothelial growth factor D (VEGF-D) is the most critical
indicator related to the severity of COVID-19. VEGF-D is a glycoprotein
responsible for (i) mitogenic process in endothelial cells; (ii) angiogenic
process; (iii) vascular permeability induction; and (iv) linfangiogénese
(lymphatic vessels growth). Because VEGF-D is present in various tissues
(lung, heart, small intestine, fetal lung, and at lower levels in the
pancreas, colon, and skeletal muscle), its overexpression increases the
probability of a systemic pathology [143]. High levels of VEGF-D active
coagulation cascade and increase D-dimer levels in plasma. That is why
VEGF-D and D-dimer are the biomarkers that can predict COVID-19
progression to severe form [144].

Overmyer et al. [132] analyzed 128 blood samples from COVID-19
patients with various severity grades and outcomes by multi-omic
analysis. All information is added in a web tool (covid-omics.app),
enabling the current global efforts to understand the behavior of infec-
tion by the SARS-CoV-2. They found 219 biomarkers correlated with
COVID-19 severity, belonging to different sets of clusters (proteins,
transcripts, and lipids). Such biomarkers are involved in the deregula-
tion of platelet function, blood coagulation, acute phase response, and
endotheliopathy. The Large-multi-omic analysis made by Overmyer and
collaborators confirmed the data published by many reteaches realized
at the beginning of the COVID-19 pandemic. According to Overmyer
et al., the main predictive biomarkers for the severe development of
COVID-19 are HDL-cholesterol reduction, increased neutrophil counts,
increased VEGF, von Willebrand Factor (VWF), thrombin and D-dimer
levels; and elevated concentrations of the IL-6 and IL-10. IL-6 detection
indicates worsening of the patient’s condition [132].

In summary, multi-omics approaches can allow a complete view of
COVID-19 pathophysiology [145]. Additionally, such analysis can aid in
the discovery of the molecular signature, which may be present or
altered by the SARS-CoV-2 infection [146]. These assays have great
importance for the advance of both precision and personalized medicine
[131,147]. Most biomarkers discovered for COVID-19 are not specific
for only SARS-CoV-2 infections but can be helpful in the prognostic,
severity, and monitoring of COVID-19 [132,146]. In addition, bio-
markers can be deposited in a network database and connected to
epidemic mathematical models, generating algorithms capable of pre-
dicting, controlling, and preventing infectious disease outbreaks and a
pandemic [132,148].

3.2. Point-of-care diagnostic

Several regions of the world have a flawed health care system.
Various patients waited a long time to be assisted by a health profes-
sional, and obtain the test results requested by him, generating a high
risk of death for the patient. Early detection and reporting to health
authorities are the first steps for an effective infectious disease outbreak
response.

In primary healthcare, fast and specific disease detection is funda-
mental, allowing an early diagnosis and accurate epidemiological sur-
veillance. The increasing number of research and commercially
available point-of-care tests (POCTs) are crucial to respond quickly and
effectively to infectious disease outbreaks, and consequently, minimize
the spread of pathogens, reducing the number of infected persons [149].

Point-of-care (POC) analyses are tests performed at or near the pa-
tient’s site (at the health care system or home). The main characteristics
of these tests are simplicity, quick results, user-friendly, low cost, and
ability to perform outside a laboratory (Fig. 3. B) [16].

POCT is in evidence, gaining more importance for both health and
economic systems. They can be essential in resource-limited locations
where health care, transportation, and infrastructure are precarious.
These tests allow for diagnostic evaluation without the reliance on
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laboratory infrastructure, averts the requirement for sample transport,
and reduces processing times [150]. Thus, it could be possible to expand
quickly and efficiently access to diagnosis. In addition, they could offer
benefits such as easy execution in the field and results of simple inter-
pretation, which can generate significant gains for health resources [16,
149].

Considering an ideal scenario for SARS-CoV-2 pandemic control
would be needed: (i) early identification of positive cases in the field,
even in remote locations; (ii) efficient sample collection; (iii) protective
measures implementing for both patient and health professional; (iv)
antibodies detecting in early and after infection; and (v) effective vac-
cine development and a fast vaccination for all population [97,151].

The ideal type of sample collection (swabs in the region of the upper
airways), as well as RT-PCR, were the methods of choice for diagnosis
according to WHO, limiting the use of POCT approaches [16,152]
(Fig. 3). Nevertheless, many studies focus on improving the actual
POCTs available and developing new POC approaches as biosensors
[153].

Grand View Research, Inc., a USA-based market research and
consulting company, reports a high investment forecast for the diag-
nostic sector, expected to reach $ 43 billion by 2029. Regarding the
diagnosis by POCT, this will grow by $ 27.66 billion in 2020, with a
prospective compound annual growth rate (CAGR) of 3.25% until 2028
[154].

The market drives the development of this test type due to the
growing increase in chronic diseases (diabetes, cardiac diseases, cancer)
together with the increased proliferation of infectious diseases (HIV,
syphilis, arboviruses, tuberculosis). However, the recent pandemic
associated with SARS-CoV-2 accelerated the POCT development. The
market growth is due to the high demand for small diagnostic devices,
rapid technological advancements, and the increasing scope of appli-
cation devices in the medical field [152,155,156].

3.2.1. Non-invasive sample collection for improvement COVID-19 POC
diagnosis

One crucial point for an effective diagnosis of COVID-19 is the
appropriate nasopharyngeal or oropharyngeal swab sample collection
from patients. The inconvenience is that such a collection method is
invasive [157] and may cause significant discomfort to patients, leading
to an incorrect collection, especially in children. Other disadvantages
are: decreasing of patient consenting to a retest, if necessary, because of
discomfort; induction of sneezing and coughing, facilitating the viral
particles transmission through the air and a risk for health professionals
involved in sample collection [158]; needing of trained personnel for
collection, applying, rigorously, CDC guidelines [159]; needing of sterile
swabs, which has caused a tremendous worldwide demand for this
material [16].

Accurate and non-invasive samples for SARS-CoV-2 detection could
facilitate effective large-scale pandemic control measures to prevent the
COVID-19 spread. Health agencies have expanded the list of types of
samples used for the SARS-CoV-2 RNA detection; among them are nasal,
sputum, blood, urine, feces, and saliva samples [159,160].

Many studies focus on finding ways to collect patient samples in a
less invasive manner. Although sample sputum is a non-invasive method
for lower respiratory tract sample collection, many patients, mainly
children, cannot perform the sputum procedure [161]. Research has
shown that the use of oral/saliva fluids to detect SARS-CoV-2 offers
several advantages over nasal/oropharyngeal samples [161,162]. Saliva
can be easily collected, as it is only necessary to spit into a sterile tube. In
addition, saliva collection does not require certification as it does for
swab collections; also, it does not require specific transport or a trained
professional to carry out the collection. Another important point is that
the saliva collection procedure does not generate aerosol, which de-
creases the safety of health professionals, reducing the risk of trans-
mission [161].

Vaz et al. [163] compared 155 samples collected from the
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nasopharyngeal or oropharyngeal swab, and saliva. The sensitivity and
specificity of RT-PCR using saliva samples were 94.4% (95% CI
86.4-97.8) and 97.62% (95% CI 91.7-99.3), respectively. There was a
high overall agreement (96.1%) between the two tests (swab and saliva).

Yamazaki e co-workers [164] developed a triplex RT-LAMP from
saliva samples. The results show that this approach had a sensitivity of
82.6% (19/23) and a specificity of 100% (21/21), compared to the
reference standard. The limit of detection was 250 copies/reaction (25,
000 copies/mL).

Several studies suggest that saliva samples for detecting of SARS-
CoV-2 can be an excellent alternative for improving of POC diagnosis.
However, more accurate studies about its analytical performance are
needed to improve its specificity and sensitivity [165,166] (Fig. 3B).

4. Biosensors: a strong ally for accurate diagnoses

Biosensors are analytic devices increasingly explored as simple and
promising diagnostic tools able to differentiate more than one disease in
a single sample [167]. Besides that, it can be a quick and inexpensive
alternative to conventional analytical measures, such as detection and
monitoring of chemical and biochemical substances, infectious agents,
and biomarkers applied to clinical diagnosis [168-171]. Such devices
are portable and accurate diagnostic tools, that can be miniaturized and
used in remote areas without well-trained professionals.

In the ’60 s, Leland C. Clark developed the first enzymatic biosensor.
He immobilized the glucose oxidase on a platinum electrode and
observed that the presence of glucose in the medium decreased the
glucose and oxygen concentrations, proportionally to the increasing of
hydrogen peroxide concentration [172,173].

Today, it is possible to apply biosensors in several fields, such as the
food industry, environment control, forensic analysis, military defense,
medical field, and others [174]. Among these, the medical field has
stood out because of its potential to be used as detection/mensuration
tools in personalized medicine (PM) [175,176]. PM is the personal
molecular data used to help determine whether a person has predis-
posing factors (expressed or overexpressed biomolecules) for a partic-
ular disease [176].

Another good point is the possibility of integrating biosensors to the
IoT (Internet of things) and Al (artificial intelligence). Thus, test results
can be displayed on mobiles and automatically transmitted by several
wireless network modalities (e.g., cellular data service, Wi-Fi, Blue-
tooth) for a cloud heath database [177-179].

Due to the SARS-CoV-2 pandemic, global health authorities are
looking for effective ways to control the COVID-19 outbreak through
improvements in the diagnosis and monitoring of the virus. Thus, the
advances achieved with portable diagnostic tools, such as biosensors,
which demonstrate the ability to analyze samples and automatically
send the results to the physician and a database network, allow a sig-
nificant advance in global health management [152,177,180].

According to the report published in June 2020 by the ReportLiker
Company, the global biosensor investment market is expected to grow,
even taking into account the harmful effects of the pandemic on the
economy, $ 36,630.29 million by the end of 2025 at a compound annual
growth rate (CAGR) of 8.91%. This growth was due to the worldwide
need for efficient diagnostic tools, whose main principle has rapid
analysis, high accuracy in results, autonomy, and connectivity to health
systems [181].

4.1. Biosensors: from concept to use in COVID-19

Biosensors are devices that combine immobilized biomolecules
(nucleic acids, antigens, antibodies, tissues, cells, among others) to a
transducer, creating a surface that allows the qualitative and quantita-
tive measurement of a specific analyte [182]. The specific interaction
between the target and the biological recognition element (bioreceptor)
results in a biological signal detected by a transducer. The biological
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signal is converted, in real-time, to an electric signal proportional to the
target concentration [182,183] (Fig. 4).

Biosensors are classified according to the biological recognition
element (bioreceptor) or the signal transduction mode (electrochemical,
optical, piezoelectric, calorimetric, and other) [152,182].

Electrochemical is the most used among diverse transduction types
due to their portability, low cost, effectiveness, easily miniaturized,
simple instrumentation, and sample turbidity independence, which
permit the specific target detection in complex samples, such as bio-
logical samples [184]. Besides, electrochemical analyses have shown
better performances in comparison to other assays types [185].

The target molecules used for detecting viral agents in the samples
can be of various types, for example, the viral nucleic acid, a specific
viral protein, antibodies, or some specific biomarker found by multi-
omic analysis. Thus, a biosensing platform developed for SARS-CoV-2
virus diagnosis can be classified, according to the IUPAC [182], as a
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genosensor, immunosensor, or aptasensor platform (depending on bio-
recognition element used to detect the target) [145,147,182,183,186,
187].

Genosensors and immunosensors are biosensors devices with bio-
logical recognition element, a known nucleic acid sequence (probe), and
an antibody or antibody fragment, respectively [188,189]. Classically,
the basic immunosensor principle detects the interaction between an
antibody and its antigen [190]. At the same time, the genosensor, the
target recognition, is done by hybridization event, whose
target-sequence of the gene is identified by a probe, forming a hybrid
[191].

However, genosensors can also use as a recognition element, a spe-
cial oligonucleotide that exhibits a three-dimensional conformation.
This structure is known as aptamer [192]. Aptamers are short DNA or
RNA oligonucleotide sequences (10-100 nucleotides), which are artifi-
cially synthesized by in vitro technology known as Systematic Evolution

Table 2
Analytical performance of the different electrochemical biosensors types for virus detection without using amplification step (PCR-Free).
Viral Biosensor type ~ Target Working Modifying agents Detection limite Reference
biosensor electrode (LOD)
HPV 16 Genosensor E6 gene Au Poly-Cysteine 18.13 nM [198]
DENV-3 Genosensor Envelope (E) gene PGE" - 3.09 nM [197]
DENV-1 Genosensor DENV-1 gene Platinum nanoporous alumina membrane-based 9.55 pM [235]
BPV Genosensor BPV gene Au Poly-Lysine 4.35 nM [199]
HIV Genosensor HIV-1 gene GCE" PAni + GN' 0.1 fM [247]
HIV Genosensor HIV gene GCE NH,-rGO + ﬁ-CD2 8.7 fM [248]
CHIKV Genosensor CHIKV - gene Au MoS2 NSs® 3.4nM [249]
DENV-2 Genosensor DENV-2 gene Ag-IDE® AZO + Si* 16.9 nM [250]
HPV16 Genosensor HPV16 gene NPC? AuNPs® 1fM. [236]
SARS-CoV-2 Genosensor RdRp gene G-FET® AuNTs® 0.37 fM (PBS) [200]
2.29 fM (throat swab)
3.99 fM (serum)
HEV Immunosensor ~ HVE-LP * GCE ADb-N,SGQDs@AuNP-PAni/PAni 8x 10 M gmL™? [251]
(Matrix)”
HCV Immunosensor  Anti-HCV Au Cystamine + Glutaraldehyde 1.0 ng.ul? [252]
DENV-2 Immunosensor  anti-DENV-2-NS1 GCE Poly-pyrrole-NHS/ CNT® 1x102gmL! [253]
MERS-CoV Immunosensor  anti- spike protein CE' AuNPs - Cystamine + Glutaraldehyde 1.04 pg.mL~? [254]
S1
HCoV Immunosensor  anti- spike protein CE AuNPs - Cystamine + Glutaraldehyde 0.4 pg.mL~? [254]
S1
SARS-CoV-2 Immunosensor anti- spike protein SPCE?® - 10 fM [238]
SARS-CoV-2 Immunosensor  anti- spike protein GE" - 5.5 x 10° PFU mL™ % [237]
S1
SARS-CoV-2 Immunosensor anti- spike protein GE - 1.6 x 10" PFU mL! (Culture medium) [255]
2.42 x 102 copies mL™! (Clinical
samples)
HPV Aptasensor HPV-16 L1 protein GCE prGO + MoS,’ 0.1 ng mL™! (1.75 pM) [256]
HCV Aptasensor HCV core antigen GCE GQD'’ 3.3 pg mL? [257]
HBV Aptasensor HBsAg GCE AuNP + Reduced graphene oxide 1,4 x 103 fg mL? [258]
HINI1-A Aptasensor mini-HA protein * * ITO Glass' polyethylenimine 3.7 PFUmL ™" [259]

*HEV-like particles; * * influenza A mini-hemagglutinin protein
 Pencil graphite electrode;
b Glassy carbon electrode;

¢ Silver- interdigitated electrode;

4 nanoporous polycarbonate;
¢ graphene-based field-effect transistor;
f Carbon electrode;
8 Screen-printed carbon electrode;
' Graphene carbon;

! Indium tin oxide-coated glass

! Polyaniline + Graphene;

2 Amino-reduced graphene oxide (NH2-rGO)+ B-cyclodextrin (B-CD);
molybdenum disulphide nanosheets (MoS2 NSs);

3

4 ZnO nanostructures doped with Aluminium nanoparticle + Silicon wafers;
5 Gold nanoparticle (AuNP);
® Gold nanotubes (AuNTs);

7 Specific anti-HEV antibody -conjugated to nitrogen- and sulfur-codoped graphene quantum dots (Ab-N, S-GQDs) + gold; embedded polyaniline nanowires (AuNP-

PAni);

8 N-hydroxysuccinimide 11-(pyrrol-1-yl) undecanoate (Poly-pyrrole-NHS) + multi-walled carbon nanotubes (CNT);
9 Porous reduced graphene oxide + molybdenum sulfide;
10 Graphene Quantum Dots.
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of Ligands by Exponential Enrichment (SELEX) [193].

Aptamers are excellent receptors because they bind with high affinity
and specificity to various targets, such as viruses, cells, proteins, pep-
tides, and small organics molecules [194]. Aptamers bind their target
with an affinity similar to or higher than antibodies. This interaction
occurs via an induced-fit mechanism involving van der Waals forces,
electrostatic interactions, and hydrogen bonding [195]. Therefore,
aptamers work similarly to synthetic or chemical antibodies. In addition,
aptamers offer more attractive features compared to antibodies [196].
They have a less expensive production process since they use in vitro
synthesis (avoiding animal experimentation), are easily modifiable with
functional groups (facilitating immobilization process), and are highly
stable (providing the long-term storage) [194].

Electrochemical biosensors for virus detection using different bio-
receptor types, but no amplification approaches (PCR-Free) have been
developed [168,170,197-199]. Table 2 shows biosensors for detecting
different virus types, presenting high sensitivity, specificity, and low
detection. So, the biosensing platforms developed to detect SARS-CoV-2
can be a promising alternative for COVID-19 point-of-care diagnosis and
a safe tool for the health professionals.

Li et al. [200] described the development of a rapid and PCR-free
biosensing platform for SARS-CoV-2 RdRp gene detection in human
throat swab specimens. The bioreceptor used for viral RNA recognition
was a phosphorodiamidate morpholino oligos (PMO), a class of un-
charged DNA analogs [201]. These oligos are a promising recognition
element for genosensor development since they do not have charges,
decreasing the background signal and allowing an ultrasensitive DNA
detection [202]. Li and co-workers immobilized the PMO-probe on a
graphene-based field-effect transistor (G-FET) surface, pre-modified
with AuNP (Gold nanoparticle). The platform presented a low limit of
detection in PBS (0.37 fM), throat swab (2.29 fM), and serum (3.99 fM),
as well as it managed to differentiate the RdRp genes present in
SARS-CoV-2 and SARS-CoV.
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5. Alternatives to improve biosensor performance

Although the biosensing platforms are very sensible and specific,
some features in platform build can be crucial for high performance and
reproducibility.

Most electrochemical transducers are composed of three electrodes
(Fig. 5): (i) a reference electrode (RE) to maintain a stable reference
potential; (ii) an auxiliary electrode (AE), to protect the reference
electrode from the electrolysis process; (iii) a working electrode (WE),
the place where the bioreceptors are immobilized [203].

Bioreceptors and target binding occur on the WE surface, repre-
senting an essential component of the platform. It is responsible for
converting the biological signal generated by the bioreceptor-target
integration into a measurable signal [204]. There are many types of
WE available - mercury, platinum, silver, gold, carbon, indium tin oxide
(ITO) - and, due to its relevant role in sensing platform, the type choice
is crucial to analytical performance [204,205]. Therefore, the material
of WE must not interfere in the electrochemical reaction, allowing an
efficient and selective transduction pathway [206].

Despite the wide range of working electrode diversity, carbon-based
electrodes are the ones that draw the most attention [207]. Carbon is a
chemically inert material, beyond presents good electrical conductivity,
wide potential range, low background current, low cost, and high
reproducibility, advantageous features of an electrochemical component
candidate [205,208].

5.1. Importance of WE modification for electrochemical biosensors

Many studies focus on the search and characterize chemical agents
(modifying agents), which can produce thin films on the WE surface to
support target immobilization and improve the transducer’s analytical
performance [183]. The film’s structure, composition, and functional-
ities determine the modified electrode performance (Fig. 5).

The behavior film depends on the methodology used to coat the
electrode surface since the more uniformly the film is, the higher its
analytical  performance is. Electrochemical polymerization

MODIFYING AGENTS

(e}

Electropolymerization
(Cyclic Voltammetry)

Working Electrode
(WE)

© Monomer (ex: amino acid; Condutive polymer, etc.)

Esd - Nanoparticules (Ag; Au; Grapheno, nanotubes, etc.)

Modified-WE
(Polymeric Film)

T Functional group (NHS; COOH; OH; etc.)

M Bioreceptor (aptamer, antibody, enzyme, etc.)

Immobilized-WE

BIORECEPTORS — "

POLYMERIC FILM
(Modifying agents of surface)

Reference Electrode
Working Electrode
Conter Electrode

WORKING ELECTRODE

SAMPLE (‘
9

Fig. 5. Graphic illustration of the main steps of an electrochemical biosensor development.
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(electropolymerization) is a versatile assay that synthesizes the thin-film
coating of different materials onto several surfaces. The electro-
polymerization procedure is one of the most promising electrode
modification methods compared to other approaches, once, all film
coating processes (film growth) can be monitored [209,210].

Electrochemical techniques used for film growth can be galvano-
static (chronopotentiometry), potentiostatic (chronoamperometry), and
potentiodynamic (cyclic voltammetry - CV) [211]. CV is performed by
cycles using a potential range from negative to positive, back and for-
ward. When potential is applied, monomers polymerize, forming the
film onto the WE surface [212,213].

A critical step in the development of a biosensing platform is the
immobilization of the recognition element. Most receptor molecules are
susceptible to the environment and can quickly lose their viability.
Polymeric films can stabilize the system, exposing free functional groups
to orient the binding process of the bioreceptor on the WE surface [214].
Several mechanisms can immobilize biomolecules on sensors, such as
adsorption, covalent bonding, and avidin-biotin interaction [215].
However, an efficient immobilization process requires controlling fac-
tors like orientation, density, distribution, and movement freedom of
molecules [183]. Among the immobilization techniques cited above,
covalent bonding can form stable complexes between the functional
groups of the polymeric film and the immobilized molecule [216].

WE properties, such as material type, surface modification, surface
area, and immobilization method employed, are extremely important
for developing a biosensor since an inadequate immobilization can
cause loss of activity, less specificity, and low biocompatibility of the
biomolecule, impairing the analytical performance of the biosensor.
Research has focused on joining various technologies, such as nano-
material, nanotechnology, and nanoengineering, on generating
biocompatible interfaces with more stability and sensitivity, improving
the basis for new analytical devices for biomedical fields [185,
217-219].

5.2. Advances in WE modification - nanomaterials

According to European Commission (2011), nanomaterial is defined
as “a natural, incidental, or manufactured material containing particles,
in an unbound state or as an aggregate and where, for 50% or more of
the particles in the number size distribution, one or more external di-
mensions is in the size range 1-100 nm”. In specific cases and when
warranted by concerns for the environment, health, safety or competi-
tiveness, the number size distribution threshold of 50% may be replaced
by a threshold between 1% and 50%” [220]. Moreover, it exhibits other
characteristics such as high strength, elevated chemical reactivity, and
high conductivity [221]. A wide range of nanomaterials is available in
the literature, including as gold nanoparticles, carbon nanotubes, gra-
phene, photonic crystals, silica nanoparticles, nanowire, indium tin
oxide, metallic, quantum dots, polymer nanoparticles, magnetic nano-
particles or magnetic beads (MBs), and other [222].

Advances in nanotechnology have permitted new strategies to
improve WE modification [221]. Nanomaterials have interesting phys-
icochemical properties, such as excellent electrical and catalytic prop-
erties and many adsorption-active sites [223]. These features improve
the coating process onto electrodes, and leave important functional
groups available, which raise the stability of the bioreceptor immobili-
zation [224]. Thus, advances in nanotechnology have permitted new
strategies to advance WE modification [225] further. The study numbers
about sensor devices using modified WE by conductive nanomaterials
have increased, leading these devices to ultra-low limit detection of the
target [213,226].

The nano matrices provide an increased surface area of the WE,
enabling a more significant number of bioreceptors units immobilized
[227]. Furthermore, these matrices can accelerate charge transfer,
resulting in a synergic influence (more bioreceptor and high conduc-
tivity), providing signal amplification [225,228]. Thus, it is evident that
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these matrices used on the WE lead to enhanced biosensor performances
with increased sensitivity and limited detection with a deficient order of
magnitude (Table 2).

In the last decade, nanopores were coupled to sensor systems, further
increasing these tools’ capacity to detect and quantify the specific tar-
gets in ultra-low concentrations, reaching at the femtomolar (fM) level
[229,230]. Nanopores devices have as a principle the entry of one
molecule at a time, that is, in a unitary manner. The size of the nanopore
channel is based on the molecule to be detected, serving as a filter.
However, detection is usually unsatisfactory when the target molecule
has minor differences in shape and size with other molecules present in
the sample. Such drawbacks can be improved by combining specific
bioreceptors with nanopores. In these cases, the nanopores became
working electrodes, going through a chemistry modification process and
then immobilizing the recognized element [231]. In nanopore devices,
the potential application causes a flow of molecules that directs the
target to the entrance of the nanopore channels [232]. The chemical
(target-bioreceptor interaction into the nanopore) to electrical signal
transduction can directly interfacing with electronic devices [233].
Nanopore electrode systems are emerging as a new class of biosensors
with high potential to be integrated with point-of-care devices, identi-
fying a range of biomarkers related to human health and wellness [234].

Rai et al. [235] developed an ultrasensitive electrochemical geno-
sensor for detecting dengue virus type 1 using a nanopore-based mem-
brane. In that work, an alumina film using anodizing technique coated
the platinum electrode (working-electrode). In this technique, the metal
to be coated goes through an electrochemical oxidation process, pro-
ducing an anodic oxide layer on the electrode surface. Its objective is to
increase the conductivity and extend the limit of target detection in the
electrochemical analysis. Following the anodization process, the specific
probe for the DENV-1 genome was immobilized on the alumina channel
walls. This platform presented a range of detection from 10 12 t0 107®M
and a limit of detection (LoD) of 9.55 pM.

Shariati et al. [236] combined the conductive properties of nano-
materials with nanopores to achieve a detection limit in a concentration
lower than picomolar (pM). They developed a genosensor for HPV16
using gold nanotubes (AuNTs) based on nanopores polycarbonate (NPC)
in an electrical alignment. NPC, used as a working electrode, was
functionalized with AuNTs, followed by probe immobilization. When
the external electric field was applied, the target DNA (HPV16) entered
the nanopore. This genosensor manufactured under electric field
amplification detected low target concentrations (0.01 pM to 1 uM) and
presented a LoD of 1fM.

Mojsoska et al. [237] described the first optimization steps of a
label-free electrochemical immunosensor using graphene-modified WE
for the S protein detection of SARS-CoV-2. This biosensor was able to
detect S1 of recombinant S protein at 260 nM (20 pg/mL) of subunit 1 of
recombinant spike protein, as well as to detect SARS-CoV-2 at 5.5 x 10°
PFU/mL.

Mahari et al. [238] developed a homing-made electrochemical
immunosensor device, eCovSens, using screen-printed carbon electrodes
(SPCE). This device made it possible to detect the S protein antigen of
SARS-CoV-2 in saliva samples with LoD at 10 fM within 10-30 s

5.3. Microfluidic methodology integrated to biosensing devices — LAB on
Chip

Lab on Chip is a device that integrates traditional analytic methods
traditional of a laboratory in a single and miniaturized microprocessor
(microchip), using the microfluidic technology to manipulate low vol-
umes (10‘9 to 10718 L) of complex fluids [239].

The central Lab on Chip characteristics coupled in the biosensor is
precise fluid flow control under laminar conditions, low volumes of
samples and reagents; sample mix, separation and detection of the
molecules present in the sample; short analysis time; better control
process in all analysis stages; high-throughput analysis (high resolution
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and sensitivity); multiplex analysis; low-power operation; and better
production cost-effectiveness. In addition, the entire analytic process is
automated into the chip, preventing loss and contamination of samples
and substantially reducing analytical errors. These features provide this
device more advantageous than traditional electrochemical biosensing
platforms, such as high throughput, efficient performance metrics;
higher sensitivity and specificity; shorter detection time, and a lower
detection limit. So, it has attracted much attention because it can pro-
vide a significant improvement in POCT [240].

Rodriguez-Moncayo et al. [241] developed a high-throughput
microfluidic fluorescence biosensor device powered by the mechani-
cally induced trapping of molecular interactions (MITOMI) technique.
This device detected antibody levels against four proteins (S1, S, RBD,
and N) of the virus SARS-CoV-2. MITOMI based biosensor had an LoD of
1.6 ng mL— 1 for IgG against the RBD antigen, comparable to the gold
standard test (ELISA) for this virus. Such device demonstrated to have a
high sensitivity able to detect the antibody responses of COVID-19 pa-
tients for at least seven weeks after the initial symptoms. Overall,
MITOMI based biosensor realized a multiplex-analysis with higher
sensitivity and specificity compared to other serological assays.

6. Future of the sensor diagnostics

Artificial intelligence (AI) integrated with the Internet of Medical
things (IoMT) is widely explored in the health area. The fusion of these
technologies with sensing devices significantly impact on the health
system, mainly facilitating access to people living in remote areas[177].
In addition, data generated could help create a data platform with in-
formation that associates symptoms, epidemiologists, diagnosis, risk
factors, medical history, and changes in laboratory tests. These patients’
information databases connected to a Machine Learning (mL), "com-
puters that automatically learn certain tasks through experiments,"
making this approach a powerful tool to aid medical diagnosis and
decreasing error rate in diagnostics (Fig. 3B) [178,242].

Every day, we can easily use applications (apps) obtained from on-
line stores offered on smartphones that offer resources where the users
describe their data associated with symptoms. Automatically, these tools
analyze the data (through mathematical models), considering age, pre-
existing diseases, if they reside in endemic areas, symptomatology, and
other factors. Based on such data collection, apps can calculate the
possibility that a person is sick and guide them to seek medical care, if
necessary, indicating the health center closest to their residence. Addi-
tionally, apps can provide information to the competent authorities on
the epidemiological situation of a given region [243].

Al and IoT technologies can integrate into remote sensing systems in
drones. As an example, we can mention a task force carried out in
Malawi (Africa) in 2017. This country had a cholera outbreak with a
high death rate associated with the infection. So, the United Nations
Children’s Fund (UNICEF) led a group of physicians, technicians, and
researchers to help people affected by cholera. The group used drones
associated with sensors, which could detect contaminated water by
remote sensing [244].

In this context, tremendous impact that the combination of IoMT, Al,
and embedded systems with biosensing platforms can bring to the global
health system management and logistics is clear. It means that a
powerful diagnostic system based on POC and PM can be developed and
used to mitigate the infectious disease outbreaks effects in the world
[245,246].

7. Conclusion

Researchers from all over the world came together to discover the
fundamental factors related to SARS-CoV-2, such as origin, evolution,
transmissibility, and virulence, through complete studies, including
omics analyzes. In addition, there is a race for the improvement of
standard diagnostic tests, and for the development of new technologies,
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such as biosensing platforms.

The biosensors can monitor viral spread in real-time, promoting
more accurate and faster diagnostic solutions. Moreover, biosensors
integrated with IoMT can connect and remote monitor patients,
decreasing health staff exposure.

The importance of investment in science and technology for devel-
oping innovative ways to deal with tragedies as Covid-19 pandemics is
urgent, mainly in developing countries. More than ever, science is the
tool for developing diagnosis strategies, therapies, and vaccines. Public
authorities, thinking in general health and the common good, should
base their decisions on science and educate their population, leading to
good practices, health security and the pandemic’s end.

Thus, this review shows us a variety of challenges that we still have
to overcome to achieve an ideal scenario both for controlling the current
COVID-19 pandemic and preventing the new pandemic outbreaks.
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