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The COVID-19 pandemic had devastating effects throughout the world,
producing a severe crisis in the health systems and in the economy of a long list
of countries, even developed ones. Therefore, highly sensitive and selective
analytical bioplatforms that allow the descentralized and fast detection of the
severe acute respiratory sindrome coronavirus 2 (SARS-CoV-2), are extremely
necessary. Since 2020, several reviews have been published, most of them
focused on the different strategies to detect the SARS-CoV-2, either from RNA,
viral proteins or host antibodies produced due to the presence of the virus. In
this review, the most relevant biosensors for the detection of SARS-CoV-2 RNA
are particularly addressed, with special emphasis on the discussion of the
biorecognition layers and the different schemes for transducing the hybridization

event.
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1. SARS-CoV-2 and COVID-19 diagnosis: General aspects

The coronavirus disease (COVID-19) is produced by the Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) reported for the first time
in Wuhan, China on December 2019. This disease was responsible for one of

the most terrible pandemics, with millions of people infected and dead all over



the world [1]. In fact, at 26 February 2023, the Health World Organization
(WHO) has reported over 758 million confirmed cases and over 6.8 million
deaths [2]. Coronaviruses belongs to the Coronidovirineae suborder under the
Coronaviridae family and they are mostly zoonotic, infecting several animal
species, such as camels, cats, bats, and cattle. Among them, only seven types
of coronaviruses have been reported with human-to-human transmision [3,4]. In
the last two decades, three coronaviruses have been responsible of human
diseases, ranging from a simple cold to a severe acute respiratory sindrome
(SARS). In February 2003, the SARS-related coronavirus (SARS-CoV) was first
reported in Asia and then it was extended to several countries on different
continents [5]. The Middle East respiratory syndrome (MERS), a viral
respiratory disease caused by MERS-related coronavirus (MERS-CoV), started
in September 2012 in the Arabian Peninsula [6].

The genome sequence of SARS-CoV-2 presents 96% similarity with
SARSr-CoV-RaTG13 (bat SARS) and 79.5% with SARS-CoV [7]. The diameter
of SARS-CoV-2 goes between 50 and 200 nm, containing positive single-
stranded RNA of of ~30 kb in length that encoded for ~9860 amino acids.
Structurally, the genome includes 14 open reading frames (ORFs), which
encode for 27 different proteins [8,9] and it is protected by a coiled helical
capsid of 10-20 nm diameter surrounded by an envelope. The two genes,
ORFla and ORF1b, encoding two autoproteolytic polyproteins involved in the
replicase complex, are located on the 5'-terminus of the genome. The four main
structural proteins are encoded by the genes located on the 3’-terminus; Spike
(S), envelope (E), and membrane (M) proteins, and nucleocapsid (N) protein

are encoded by ORF2, ORF4, ORF5, and ORF9, respectively, and represent



about one-third of the viral genome (Fig. 1). The transmembrane S glycoprotein
(150 kDa) engrosses into the viral envelope and presents protruding peplomers
that give the typical and well-known crown-like appearance. The interaction with
the cell is produced by the attachment of S protein that is cleaved by host cell
protease, generating two non-covalently attached functional subunits [10]. S1
subunit is a receptor binding domain (RBD) and is responsable for the cellular
tropism in several host virus range, while the S2 subunit is responsable of the
fusion with the cell membrane [11,12]. The spike proteins are strongly attracted
toward angiotensin converting enzyme 2 (ACE2) receptors, predominantly
expressed in the pulmonary epithelium, which facilitate the binding of the S
protein to host cells. After the viral RNA reaches the nucleus, it replicates and
generates negative-strand RNA from a single-strand positive RNA template
using RNA polymerase. This negative-strand RNA also helps make new
positive-strand RNAs that serve as blueprints for synthesizing new viral proteins

and creating new viral particles which are released into the other cells [13,14].
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Fig. 1. Schematic representation of the structure of SARS-CoV-2 and the
genomic organization. Reprinted from Ref. [4], Copyright (2021), Sharma,
Kontodimas, and Bosmann, with distribution under the terms of the Creative

Commons Attribution License (CC BY).

The diagnosis of COVID-19 is mainly carried out by detection of the
SARS-CoV-2 viral genetic material. The preferred targets for SARS-CoV-2
gene-based analysis involves envelope (E) protein gene, nucleocapsid (N)
protein gene, RNA-dependent RNA polymerase (RdRp) gene, and open
reading frame la and 1b (ORFlab) gene, being the E and ORF1lab genes the
most commonly used for detecting SARS-CoV-2 infections [15]. The gold
standard for the diagnosis of COVID-19 is the real-time reverse-transcription-
based polymerase chain reaction (RT-PCR). Although this assay is highly
specific and sensitive, it presents some drawbacks like the requirement of
trained personnel, temperature cycling, time consuming, and the limited utility in

distant and resource-constrained surroundings [16,17]. As it was extensively



discussed in several reviews, the isothermal amplification approaches are the
best options because they can be operated at a single temperature without
particular laboratory apparatus requirements and provide sensitive results, [18-
24]. Loop-mediated isothermal amplification (LAMP) method, reverse
transcription-LAMP (RT-LAMP) approach, rolling circle amplification (RCA),
recombinase polymerase amplification (RPA), strand displacement amplification
(SDA), NASBA (nucleic acid sequence-based amplification), and clustered
regularly interspaced short palindromic repeats (CRISPR) technology have
been successfully used . Currently, RT-PCR kits are replaced by RT-LAMP
because it allows to detect SARS-CoV-2 in few minutes, without RNA isolation
from swabs, and under sustainable conditions of pH and temperature [25,26].
As soon as the SARS.CoV-2 started to be disseminated around the
world, different strategies emerged for the diagnostic of COVID-19. In fact, the
detection of the viral RNA by RT-PCR was the first diagnostic tool, then
complemented by the immunoassays for the quantification of immunoglobulins.
The development of the antigen test, based on the detection of viral proteins,
largely contributed to a faster diagnostic of positive cases in spite of the poor
sensitivity compared to the RT-PCR. In the last years, several reviews
summarized the different alternatives for the detection of i) SARS-CoV-2 RNA,
i) viral proteins, and iii) host antibodies produced as a consequence of the
presence of the virus [18-23]. A critical discussion about these strategies, with
special emphasis on the fundamentals of the different approaches for both
lateral flow biosensors and nucleic acid amplification techniques (NAATS), as
well as the most relevant contributions, have been reported by Rubio-Monterde

et al. [19]. Tessaro et al. [20] summarized the progress in colorimetric



biosensors for detecting SARS-CoV-2, the advantages of using nhanomaterials,
and the application of biosensors to point-of-care (POC) diagnostic devices with
special emphasis on the importance of lateral flow immunoassays. Filchakova
et al. [21] presented an overview of the commercialized RT-PCR methods while
Oishee et al. [22] reported an up-to-date of the FDA-approved RT-PCR and
immunoassay-based kits for the detection of SARS-CoV-2, with a critical
comparison of their analytical performances. Mostafa et al. [23] reported a
comprehensive overview of the different strategies for the detection of
SARSCoV-2 according to the target biomolecule and the technique used for the
quantification, with an interesting discussion about the effect of the different
mutations. Here, we provide a comprehensive review particularly focused on
the most relevant biosensors developed for the detection/quantfication of
SARS-CoV-2 RNA, with special emphasis on the discussion of the

biorecognition layers and the transduction of the hybridization event.

2. Biosensing strategies for the detection of SARS-CoV-2

Biosensing platforms have demonstrated to be extremely useful for the
detection of different molecules and, in particular, nucleic acids. They offer the
alternative to make posible a quantitative analysis in short time without the
requirement of sofisticated equipments, trained personal or tedious sample
pretreatment, with the important advantage of the application for point-of-care
(POC) measurements [27]. In the following sections and Table 1, we present
the most significant contributions performed in the last three years (2020-2022)

on biosensing strategies used to detect SARS-CoV-2 nucleic acid.



2.1. Biosensing with electrochemical transduction

Cajigas et al. [28] described a SARS-CoV-2 RNA genosensor based
on a sandwich hybridization scheme, using a thiol-reactive capture probe linked
to maleimide-functionalized magnetic beads as biorecognition platform, and a
biotinylated signaling probe tagged with enzymatic complexes based on
streptavidin-horseradish peroxidase (HRP) conjugates, which in the presence of
hydrogen peroxide and tetramethyl benzidine (TMB) generates the analytical
signal (Fig. 2). They proposed two transduction strategies, by
spectrophotometry at 620 nm, from the absorption of the TMB oxidized product,
and by electrochemistry, through the reduction of this product at -150 mV. The
highest sensitivity was obtained using the probe that targets the H-conserved
region of SARS-CoV-2 RNA and the streptavidin-poly-HRP80 conjugate,
reaching a detection limit of 0.6 pM, that is 100 lower than the one obtained
when using streptavidin-HRP. The electrochemical genosensor demonstrated
the ability to detect SARS-CoV-2 and discriminate it against homologous
viruses in spiked samples and samples from SARS-CoV-2 cell cultures. Lopez
Mujica et al. [29] proposed two biosensors for the quantification of SARS-CoV-
2 nucleic acid using glassy carbon electrodes (GCE) modified with avidin (Av)-
functionalized multi-walled carbon nanotubes (MWCNTSs), one of them based
on the impedimetric transduction through the increment of [Fe(CN)g*
/[Fe(CN)¢]* charge transfer resistance, and the other one, based on a
sandwich hybridization scheme and amperometric transduction using

HRP/hydroquinone/hydrogen peroxide. In both cases, the response was highly



selective with detection limits at aM levels. The potential analytical application of
the proposed sensors was demonstrated, as a proof-of-concept using highly
diluted-RT-PCR amplified SARS-CoV-2 RNA samples, with successful
response even after 10'° times dilution. Pina-Coronado et al. [30] proposed the
non-amplified detection of SARS-CoV-2 RNA based on the combination of two
kind of nanomaterials, carbon dots functionalized with methylene blue (MB) as
redox indicator, and a mixture of gold nanoparticles (AuNPs) and gold
nanotriangles (AuNTSs) sprayed on the screen-printed gold electrode (SPAUE)
as platform for the immobilization of the thiolated DNA probe. The analytical
signal was obtained by differential pulse voltammetry (DPV) from the increment
of the oxidation peak current of the accumulated MB. No interference was
reported in the presence of RNAs corresponding to other viruses or a single
nucleotide polymorphism. The practical usefulness was demonstrated with
nasopharyngeal samples from COVID-19 patients. The use of screen-printed
carbon electrodes (SPCE) modified with boron nitride quantum dots (BNQDSs)
and flower-like gold nanostructures (FGNs) as anchoring site for a thiolated
DNA probe specific for SARS-CoV-2 RNA, was proposed by Hatamluyi et al.
[31 22]. In this case, the hybridization event was evidenced by DPV from the
decrease in the peak current of [Fe(CN)¢]*/[Fe(CN)g]* due to the electrostatic
repulsion (turn-off detection strategy), and the increment of MB peak current
due to its intercalation in the double helix (turn-on detection strategy) (Fig. 3).
There was a linear dependence with the logarithm of the target concentration
from 1.0 x 107 to 1.0 x 10 M in both cases, with a detection limit of 0.27 aM
for the turn-on method. The applicability of the biosensor for clinical trials was

demonstrated using RNA sequences extracted from clinical nasopharyngeal



swab specimens (positive and negative SARS-CoV-2 samples confirmed by

RT-PCR) and even after 1:10" dilution, the response of the biosensor was

successful (Fig. 4).
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Fig. 2. (A) Schematic representation of the SARS-CoV-2 RNA detection using

an electrochemical genosensor based on a sandwich hybridization scheme and

chronoamperometry to obtain the analytical signal. (B) Specificity evaluation

against one and two base pair mismatches from conserved sequences of

SARS-CoV-2 and SARS-CoV, MERS, and HKU1 homologous counterparts at

three different loads from 10 to 1000 pM. (C) Genosensor response against a

positive SARS-CoV-2 RNA cell culture sample compared with a negative

control (NC). Adapted from Ref. [28], Copyright (2022), with permission from

Elsevier.
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Reprinted from Ref. [31], Copyright (2022), with permission from Elsevier.

Alafeef et al. [32] developed a low-cost, amplification free, and easy-
to-implement graphene-based electrochemical biosensor for the detection of
SARS-CoV-2 RNA using a micro-Au electrode immobilized at a filter paper
coated with a graphene suspension and AuNPs capped with four probes (P)
that target different regions of the viral nucleocapsid phosphoprotein N gene
thiolated at 5' (P1 and P3) or 3' (P2 and P4) ends. A highly sensitive analytical
signal was obtained from the output voltage with a detection limit of 6.9

copies/uL and interference free detection in the presence of SARS-CoV and
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MERS-CoV RNA, or negative COVID-19 samples collected from healthy

subjects.
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(2022), with permission from Elsevier.

Paulose et al. [33] proposed an electrical double layer (EDL)-gated field effect

transistor-based biosensor (BIoFET) for the successful detection of SARS-CoV-
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2 RNA from the post-hybridization electrical redistribution in the EDL
capacitance and the resulting change of FET drain current. The sensor was
used to rapidly detect SARS-CoV-2 N gene RNA in diluted human saliva at
concentrations ranging from 1 fM to 1 pM. One aspect important to remark is
that the EDL-gated BioFET showed similar performance in the presence of a
viral envelope lysis detergent and a RNase-inactive reagent. Deng et al. [34]
reported a target-triggered cascade signal amplification strategy to the detection
of the SARS-CoV-2 RdRp gene through the integration of the catalytic hairpin
assembly (CHA), a typical non-enzymatic nucleic acid circuit used for signal
amplification with low background, and the polimerization ability of the terminal
deoxynucleotidyl transferase (TdT), a kind of template-free DNA polymerase
used to elongate the single strand DNA by catalyzing the addition of
deoxynucleotides to the free 3'-terminus of DNA. In the presence of SARS-CoV-
2 RNA, the CHA reaction generates on the electrode surface a large number of
nucleic acid duplexes with free 3' —OH terminus along with the release of the
target that triggers the multicycle hybridization, producing amounts of duplexes,
and generating long-strand DNA after the addition of TdT. The analytical signal
was obtained from the DPV signal of [Ru(NHs)s]*" electrostatically accumulated
at the duplexes, with a linear range between 0.1 pM and 3000 pM, and a
detection limit of 45 fM. Moreover, the proposed biosensor was successfully
used for the SARS CoV-2 RNA detection in the presence of mismatched
sequences and in oropharyngeal swab simples, allowing to distinguish COVID-
19 patients from healthy individuals. Using a similar scheme, Peng et al. [35]
fabricated an electrochemical genosensor for the quantification of a 26-nt-long

ORF1lab fragment of SARS-CoV-2 RNA (which has been demonstrated to be a

13



highly conserved region) by combining the signal amplification capabilities of
CHA and TdT. As in [34], the target triggers CHA to generate a double-stranded
product forming a Y-shaped structure with three protruding 3' -end, which can
be elongated by TdT to form long single-stranded DNA products, able to
accumulate [Ru(NHs)s]*". The linear range was more restricted than in [34] (0.1
to 1000 pM versus 0.1 to 3000 pM) while the detection limit was slightly lower
(26 fM versus 45 fM). The biosensor showed very good recoveries of the spiked
target RNA in serum and saliva samples as well as clinical application in
oropharyngeal swabs from healthy and COVID-19 patients.

A very interesting and innovative strategy for the non-amplified
detection of SARS-CoV-2 RNA was proposed by Ji et al. [36], who reported the
detection of SARS-CoV-2 RNA by using a self-actuator molecular-
electrochemical system (MECS) inspired by the hydra. This hydra-like structure
consisted of a tentacle and an upstanding trunk as a prop unit. The trunk is a
regular tetrahedral structure with four double-stranded DNAs that intertwine to
form edges bound through amino groups to the pyrenebutanoic acid
succinimidylester-treated graphene electrode. The tentacle is a flexible single-
stranded DNA that extends from the top vertex of the tetrahedral trunk and
contains the probe that recognizes the ORF1lab gene of SARSCoV-2 RNA with
five thymine units that allow the free-movement of the tentacle after target
recognition, and MB at the top as the electrochemical label (Fig. 5). The
tentacle remains upright spontaneously in the local electrical field on the
graphene surface due to the negative charges on the ss-DNA backbones, and
once the hybridization takes place, the tentacle and the nearby labels move

downward spontaneously to the vicinity of the interface due to the steric effect
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as well as the electrostatic force generated by the negative charges of the
target. Two important advantages of MECS are that it enables direct testing of
unamplified clinical samples, and that it is posible to detect 4 copies of SARS-

CoV-2 RNA in 80 uL artificial saliva, representing a very competitive detection

limit.
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Fig. 5. Electrochemical detection of unamplified SARS-CoV-2 RNA using a
MECS-modified graphene microelectrode. (a) Structure of the proposed MECS
based on DNA nanostructures that mimic the hydra architecture. (b) Schematic
illustration of MECS for the RNA sensing process: F1 represents the upward
repulsion force of the local electric field that pulls the tentacle away from the
electrode, and F2 represents the downward driving forces and steric effects that
actuate the tentacle close to the electrode. (c) Device configuration of the
MECS-modified graphene microelectrode (inset: optical microscope image of
the working electrode and SEM image of graphene). Adapted with permission

from Ref. [36]. Copyright (2022) American Chemical Society.
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In overview, the electrochemical biosensors represent interesting and
cost-effective alternatives for the quantification of SARS-CoV-2 RNA in a very
simple and fast way, with the great advantage that the prior RNA- or signal-
amplification step is not always required, at variance with the well known RT-
PCR or the isothermal amplification techniques. On the other hand, some of
them have remarkable analytical performances, that make them really

competitive compared to the classical molecular detection techniques.

2.2. Biosensing with electrochemiluminescent transduction

Fan et al. [37] reported an enzyme-free entropy-driven reaction
amplified electrochemiluminescence (ECL) strategy to detect RdARp gene at fM
level with successful application in human serum samples. The biorecognition
layer was built at a gold electrode and consisted of a rigid DNA tetrahedron
which contains the probe in the vertex and this scaffold makes posible that the
target-participated entropy-driven amplified reaction occurs and efficiently
propiciate the link of the [Ru(bpy)s]** modified DNA to the linear ssDNA at the
vertex of the tetrahedron to give the ECL. Yin et al. [38] proposed a dual
wavelength ratiometric ECL genosensor for the ultrasensitive detection of the
SARS-CoV-2 RdRp gene based on resonance energy transfer (RET) between
graphitic carbon nitride nanosheets (g-CsNs;) and Ru-SiO, nanospheres
functionalized with folic acid (Ru-SiO,@FA), using a bipedal three-dimensional
(3D) DNA walker amplification strategy (Fig. 6). The sensor was prepared by
dropping a g-C3N4 suspension on top of a gold electrode followed by the

addition of a highly rigid structure of triple-helix DNA (tsDNA), which was
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incubated to make it stand upright on the surface of g-C3N,4 due to the affinity of
the ssDNA tail with graphitic carbon nitride and the poor affinity of the triple-
helix, exposing the probe sequence. In this way, trace amounts of target genes
were converted to a large number of output DNAs by 3D DNA walker multiple
amplification. The output bridged a multifunctional probe Ru-SiO,@FA to the
electrode producing ECL RET from the gCsN; to Ru-SiO,@FA, with the
consequent decrease of the ECL signal at 460 nm, due to the quenching
produced by Ru-SiO, and FA, and the increase of ECL at 620 nm due to Ru-
SiO,. The ECLe20/ECLygp ratio was used as analytical signal and the biosensor
showed an excellent sensitivity for RARp gene with a linear range between 1 fM
and 10 nM, a subfM detection limit, and experimental recovery ranges from
92% to 102.1% for different concentrations of RARp gene mixed with healthy
human throat swab samples. Following a similar scheme, Fan et al. [39]
proposed a biosensor based on the combination of entropy-driven and bipedal
DNA walker cycle amplification that consists of a tetrahedron immobilized at a
gold electrode modified with Au-g-C3N4 for the dual-wavelength ratiometric ECL
detection of the RdRp gene of SARS-CoV-2 at aM level. The entropy-driven
cyclic amplification reaction was started by the SARS-CoV-2 RdRp gene to
generate a bandage that combines with the two feet of the bipedal DNA walker
(ssDNAs) to form a bipedal DNA walker and create the next cycle reaction.
Once completing the walking process, and in the presence of the Nb.BbvCl
endonuclease, a synthesized PEI-Ru@TizC.@AuNPs-thiolated DNA(S7) probe
was combined with the excised hairpin part of DNA tetrahedrons, generating the

expected decrease of the ECL at 460 nm and an increment of the ECL at 620
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nm. In contrast to the rest of SARS-CoV-2 RNA biosensors, this one was

challenged with a 50 fold diluted human serum.

VALK ‘f%\
B i “) Walkerl-Blocker “j‘ A
$ —_—— D
GE Al s k AW
\ : S10, microspheres A 8§2 o R
: 3D DNA walking machine 1 eye , TP pe
i e, ~-§;"'j:.-"—
Walker2 lllothr - }p A7 i
———— e )} Bipedal 3D DNA walking machine :
: A2 o e i
i SI0, microspheres St : = ) ;
: 3D DNA walking machine 2 s ‘>
S0Re

LAU104d

A60om 620am

- —~—

,,l : -> \. “
| C NH; g ! 2 gCyN, . output DNA ';
: "'v '.- 'v’v g LeA ‘/ H
: ey wiwyww ' . 3 )
E )|\ /k @ HNO, 125°C back flow .'""". ,vyt? ! é Y g 55 Ru-SiO,@FA S
L HN N NH; vy | 8 tsDNA -DNA complex |
: e
H ) 24 - ' : H
i ° Ru(bpy)s @C 240 3 ' Tolic ackl : e f }
: ; 225 . |
i & @ APTES y n)c TS EDC,NHS i
) '
TEOS Ru-SiO, Ru-Si0,@FA

-
e e —— - - - " 5 - - ] ] ] ] " " - " -

Fig. 6. Schematic illustration of a dual-wavelength ratiometric ECL biosensor
based on RET platform of g-C3N4 nanosheets and Ru-SiO,@FA for detection
of RARp gene. Reprinted from Ref. [38], Copyright (2022), with permission from

Elsevier.

Also in the same direction of the previous biosensors, Zhang et al. [40]

reported a ratiometric ECL biosensor for the detection at aM level of RARp gene
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and its successful application in human pharyngeal swabs, based on the use of
a GCE modified with AuNPs-g-C3N4 and a three-stranded Y-type DNA (Y-DNA)
as probe. The target triggered the hybridization chain reaction (HCR) and
allowed the association of a Ru-modified DNA, with the consequent increase of
the ECL at 620 nm and the decrease at 460 nm. Zhang et al. [41] proposed a
biosensor for the detection of RdRp gene at aM level through the combination
of 3D DNA walker amplification scheme and detection based on the activity of
CRISPR-associated endonuclease Casl2a (CRISPR-Casl2a) and ECL
transduction. In the first part, the nano-machine mainly contains a DNA-
modified AuNP (DNA-AuNP), a walking leg, and a fuel. The DNA-AUNP is a
conjugate with a three-stranded substrate complex (DNA1/DNA2/DNAS3) and an
affinity ligand (DNA4) on a single AuNP. The cleavage activity of CRISPR-
Casl2a was activated by the amplification product double-stranded DNA, which
could indiscriminately cut the single-stranded DNA on the surface of a MXene
based ECL material (PEI-Ru@TizC,@AUNPs-DNA) as sensor, and caused the
ferrocene modified at one end of the DNA to move away from the electrode

surface, increasing the ECL signal with a detection limit of 12.8 aM.

Electrochemiluminescent biosensors offer a very interesting alternative

for the highly sensitive detection of SARS-CoV-2 nucleic acid, although the

approaches are more limited than the electrochemical ones due to the special

requirement of the system to generate the electroluminescent signal.

2.3. Biosensing with optical transduction
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Xie et al. [42] proposed a biosensor called CRISPR-CNS (cost-
effective, nimble, and sensitive copper nanocluster sensor integrating CRISPR)
by developing a label-free and low-background reporter for CRISPR/Casl12a
signaling through the integration of the DNA-templated copper nanoclusters
(DNA-CuUNCs) and exonuclease | (EXO I). The template of the DNA-CuUNCs
was rationally designed as a ds-/ss-DNA hybrid, ensuring that after a quick and
nonpersistent cut of Casl12a, a majority of the template can be digested by EXO
I. Due to the high signal-to-background ratio of the proposed reporter, CRISPR-
CNS shows excellent performances for nucleic acid detection, yielding a
detection limit of 20 copies of SARS-CoV-2 RNA. Ma et al. [43] proposed two
strategies for the detection of SARS-CoV-2 RNA after reverse transcription and
amplification using specific primers for SARS-CoV-2 gene to obtain dsDNA
amplicons (target DNA). In one case, the biosensor was based on the change
of the color of AuNPs due to the disaggregation produced after cutting the
ssDNA that stabilized them by the action of CRISPR-Cas12a. This color change
could be detected by naked eyes or using a smartphone readout with Color
Picker App. The proposed biosensor was successfully used to detect SARS-
CoV-2 gene in a fast way (90 min) in synthetic vectors, transcribed RNA, SARS-
CoV-2 pseudoviruses, and clinical biosamples, allowing the detection of 1
copy/uL with no cross-reactivity. The other strategy was based on the increase
of fluorescence due to the dequenching produced after the trans-cleavage
activity of Cas-12a that broke the close vicinity between a fluorophore at 5’ and
a quencher at 3’ ends in a doubly labeled ssDNA. This strategy also made it
possible the detection of 1 copy/uL. Huang et al. [44] reported a very

interesting biosensor able to be used for POC applications. In fact, they
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proposed the portable, rapid, and sensitive (10 copies/pL) detection of the N
gene of SARS-CoV-2 based on the use of CRISPR Casl12a. The swab samples
were treated by lysis and the released RNA was amplified by reverse
transcription ~ recombinase-aided  amplification  (RT-RAA), generating
complementary dsDNA. In CRISPR RNA (crRNA), Casl2a specifically
recognizes the amplified DNA (target) and exhibits its sSSDNA cleavage activity,
releasing the ssDNA-conjugated invertase on magnetic beads (MBs), which in
the presence of sucrose catalyzes its hydrolysis into fructose and glucose. In
this way, the glucose can be determined with a personal glucose meter (PGM)
(Fig. 7). This PGM-CRISPR assay allowed the N gene detection in the range of
10%-10* copies/uL, which was acceptable for early diagnosis. Moreover, the
authors challenged the sensor with samples of patients with COVID-19, healthy
persons, and patients infected with other viruses. They also used throat swabs

samples from healthy volunteers enriched with N gene segments of SARS-CoV.
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Fig. 7. Working principle of CRISPR Casl2a-derived biosensor enabling

portable personal glucose meter readout for quantitative detection of SARS-
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CoV-2. Reprinted from Ref. [44], Copyright (2021), with permission from John

Wiley and Sons.

Liang et al. [45] proposed an amplification-free CRISPR/Casl2a-based
detection of the reverse transcribed product of SARS-CoV-2 RNA gene at fM
level with SERS transduction, called SERS-CRISPR. The SERS probe was
obtained by mixing MBs modified with streptavidin and biotinylated-ssDNA-HS,
and AgNPs@4-ATP (4-aminothiophenol). The analytical signal was obtained
from the Raman peak (1074 cm™) of 4-ATP and the biosensor was used to
detect SARS-CoV-2 derived nucleic acids in RNA extracts obtained from
nasopharyngeal swab samples. Lopez-Valls et al. [46] presented a sensing
system called CASCADE (CRISPR/CAS-based Colorimetric nucleic Acid
Detection) for the fast and specific naked-eye detection of SARS-CoV-2 RNA.
When the target RNA was specifically recognized by the CRISPR-associated
endonuclease LwaCasl13a (CRISPR-Casl13a), it activated its collateral RNase
activity and cleaved ssRNA conjugated to AuNPs. After enzymatic degradation,
the AUNPs cannot be stabilized since the short oligonucleotides cannot cover
the entire AuNP surface, producing their aggregation. The change of color after
aggregation is used as analytical signal, allowing the detection at pM level. An
additional decrease in the detection limit to fM or even aM level, was reached
coupling CASCADE to isothermal nucleic acid amplifications, such as RPA and
NASBA, respectively. The biosensor was successful in detecting SARS-CoV-2
in clinical samples from nasopharyngeal swabs. Mahas et al. [47] introduced a
new Cas13 variant, called miniature Cas13 (mCas13), and proposed a SARS-

CoV-2 RNA biosensor through the association of RT-LAMP and Cas13 to make
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posible a fast, accurate, simple, and cost-effective biosensing methodology for
the detection of SARS-CoV-2 RNA in synthetic and clinical samples. Moreover,
they adapted a handheld fluorescence visualizer for the mCas13-based visual
detection with the human eye without the need for sophisticated instruments like
gPCR machines.

Qin et al. [48] reported the label free detection of SARS-CoV-2 N gene
through the use of a molecular beacon specifically designed to recognize the
viral RNA based on the use of human telomeric guanine-triplex (ht-G3), which
lights up Thioflavin T (ThT). This molecular beacon consists of three fragments,
an ht-G3 sequence at the 3’ end, a loop that recognizes the target, and a
sequence at the 5 end complemmentary to part of the G3 sequence. After
target addition, the region of the loop binds to the target to form the DNA-RNA
double helix, opening the stem region to release the G3 sequence. In the
presence of an optimized concentration of K*, the reduplicated TTAGGG of the
telomerase self-assembled into a G3 structure. The introduction of {duplex
specific nuclease} (DSN), enzyme that cuts DNA-DNA or RNA-DNA duplexes,
destroyed the DNA segment with RNA target, releasing the target to recycle.
After addition of ThT, there was an increment in the fluorescence promoted by
ht-G3, allowing the detection of 0.01 nM of viral RNA, which was 100 times
lower than the one obtained in the absence of DSN. Borghei et al. [49]
proposed a naked-eye, label-free, and RNA extraction-free colorimetric method
for the direct detection of N gene of SARS-CoV-2, based on the use of 4
antisense oligonucleotides (ASOs) of 20 bases modified with a polyG tail of 12
units at the 5’ end of ASO; and ASOs;, and at the 3’ end of ASO, and ASQ,, as

a template for in situ formation of anisotropic AuNPs without any chemical
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modification or DNA labeling (ASOs@AuUNPs) (Fig. 8). After hybridization with
the viral target RNA, there was a red shift in the localized surface plasmon
resonance and the color of the solution changed from red to purple due to the
aggregation of the AuNPs. The performance of this method was evaluated
directly on throat samples without RNA extraction, which agreed satisfactorily
with the results obtained for the SARS-CoV-2 samples tested by RT-gPCR for

N gene.
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Fig. 8. Schematic representation of the ASOs@AuNPs-based colorimetric
assay for the SARS-CoV-2 N gene detection. Reprint with permission from Ref.

[49]. Copyright (2022) American Chemical Society.

2.4. Lateral flow biosensing

Lateral flow (LF) biosensors present the advantages of being portable,

simple, low-cost, without requirement of batteries or equipments, characteristics
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that make them very attractive for POC measurements, low-resource settings,
and emergency use [19,50,51]. The application field is very broad, involving
environmental and food control, veterinary and medicine. A commercially
available LF strip present four basic components: a sample pad, a conjugate
pad, a nitrocellulose membrane (that contains the test line and the control line),
and an absorption pad. The sample is added in the sample pad and by capillary
it reaches the conjugate pad where there is a bioreceptor immobilized at the
NPs. If the target is present, it will be recognized by the specific receptor and
the positive result will be indicated by a color line (the test line (TL)). The
sample continues through the detection pad and a control line (CL), containing
a secondary bioreceptor, should appear for all valid tests. An absorption pad
located at the end of the strip absorbs the fluid excess. The bioreceptor can be
an antibody, a nucleic acid probe, or an aptamer, depending on the target.
AuNPs are the most used nanomaterial in LF tests due to their high
biocompatibility that makes possible the conjugation with the bioreceptors, their
reproducible synthesis, tuneability, and drastic changes of color depending on
the aggregation state [19,50,51]. Even though LF has been widely used for the
detection of SARS-CoV-2 in the widely known “antigen test” [18-23], this is not
the focus of this review.

Zhu et al. [52] proposed a rapid, ultrasensitive, and highly specific assay
based on the association of reverse transcription multiple cross displacement
amplification (RT-MCDA) with CRISPR-Casl2a-based detection to develop
MCCD as novel diagnostic test targeting ORFlab and N genes. The MCCD
assay can be visualized on a lateral flow biosensor and completed within 1 h

including the whole process from the RNA extraction to the detection reaction

25


https://www.sciencedirect.com/topics/chemistry/nitrocellulose

and reporting of result. At the isothermal amplification stage of this MCCD
lateral flow assay, two sets of MCDA primers, which recognized regions of
ORFlab and N genes, respectively, ensured the high specificity for SARS-CoV-
2 RNA. After the reverse transcription, the final detection associated with
CRISPR12a, which specifically recognized predefined target sequences and
degradated a ssDNA molecule, allowed the detection of 7 copies per test.
Moreover, the feasibility of the proposed assay as a SARS-CoV-2 diagnostic
tool was validated using the extracted RNA from clinical samples. Ali et al.
[53] proposed a biosensing methodology called iISCAN (in vitro specific
CRISPR-based assay for nucleic acid detection), which combines the target
amplification via RT-LAMP with CRISPR-Casl2a for the efficient, rapid,
specific, and sensitive colorimetric SARS-CoV-2 detection at a level of 10
copies per reaction. iISCAN is a user-friendly methodology since the colorimetric
reaction coupled with lateral flow immunochromatography made it easier to
interpret the assay results. In addition, iISCAN assay was successfully used in
nasopharyngeal swabs of healthy persons and patients with COVID-19. Zhu et
al. [54] reported the use of a multiplex RT-LAMP coupled to a nanoparticle-
based lateral flow biosensor assay (mMRT-LAMP-LFB) for diagnosing COVID-19
via ORFlab and N genes detection (Fig. 9). After amplification, ORFlab-RT-
LAMP products were simultaneously labeled with fluorescein (FITC) and biotin,
and N-RT-LAMP products with digoxin (Dig) and biotin, which were determined
by LFB through immunoreactions. At the detection stage, one end of the RT-
LAMP products can be captured by anti-FITC or anti-Dig antibodies located in
TL1 region or TL2 region, respectively, and the other end labeled with biotin can

bind streptavidin-conjugated colored nanoparticles for visualization. The
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detection limit of mMRT-LAMP-LFB was 12 copies (for each detection target) per
reaction, and no cross-reactivity was observed with non-SARS-CoV-2
templates. Moreover, both its sensitivity and specificity were 100% for the
detection of SARS-CoV-2 in oropharynx swab samples collected from COVID-
19 patients and non-COVID-19 patients, respectively. Wang et al. [55]
pioneered the development and application of an inexpensive amplification-free
nucleic acid immunoassay based on LF assays for the fluorescence detection of
ORFlab, E and N genes of the SARS-CoV-2 genome in less than one hour,
which was called hybrid capture-fluorescence immunoassay (HC-FIA). The
authors used fluorescent nanoparticles composed of europium chelate (FNPs)
labelled with S9.6 monoclonal antibodies to bind with high affinity and selectivity
to the RNA-DNA hybrid formed by the designed DNA probes and the RNA of
SARS-CoV-2 on LF strip. The HC-FIA assay showed a detection limit of 500
copies of target genes per mL and achieved sensitivities of 100% and
specificities of 99% for both throat swabs and sputum samples. Moreover, the
portable device for fluorescence signal reading can meet the requirements of

POC technology.
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Principle of LFB for visualization of COVID-19 RT-LAMP products: (1) the
details of LFB, (2) the principle of LFB for COVID-19 RT-LAMP products, and
(3) the interpretation of the COVID-19 RT-LAMP results. I. a positive result for
ORFlab and N genes (TL1, TL2, and control line appear on the LFB); Il. a
positive result for N-gen (TL2 and control line appear on the detection region);
lll. a positive result for ORFlab gen (TL1 and control line appear on the
detection region); IV. negative (only the control line appears on the LFB).

Adapted from Ref. [54], Copyright (2020), with permission from Elsevier.

Nguyen et al. [56] proposed an interesting wearable freeze-dried, cell-
free (FDCF) general sensor with successful application for SARS-CoV-2 RNA
detection. They developed a face-mask that collects the virus as a
consequence of coughing, talking or normal respiration. The mask-sensor
contains four main components: an hydration reservoir, a collection pad, a
microfluidic paper-based analytical device (upad) and a LF-strip. By capillary
action, the viral particles are moved from the collection pad to the ppad which is
organized in different reaction zones separated by polyvinyl alcohol. In these
regions take place the lysis of viral membrane, the RT-RPA reaction and the
detection of the amplified dsDNA amplicon through the Casl2a SHERLOCK
sensor. In the presence of SARS-CoV-2-derived amplicons, the activated
Casl2a enables trans-cleavage of a co-lyophilized 6-FAM-(TTATTATT)-biotin
ssDNA probe to allow a simple colorimetric visual readout at the LF strip. The
global process takes approximately 1.5h at room temperature and presents a

detection limit of 500 copies.
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Currently, the in vitro assays integrating nucleic acids amplification
techniques with LF are commercially available for diagnostic test of SARS-CoV-
2. The Accula SARS-CoV-2 Test (Mesa Biotech, now ThermoFisher) is a PCR
NAAT that allows a hybridization-based visual detection of viral RNA in 30 min
using a completely automated and self-contained system, although it requires a
dock that controls reaction temperatures, timing, and fluid movements within the
test cassette [57,58]. The COVID-19 RNA Test (PortNAT System, USTAR
BIOTECHNOLOGIES) is carried out in an all-in-one test cassette with a
reusable incubator, which uses isothermal cross-priming amplification (CAP)
and takes 35 min for the amplification and 5 min for reading the results in the LF
strip [59,60]. The Veros COVID-19 Test (Sense Biodetection) is a disposable
automated device covered by patents, which via nucleic acid amplification
allows to obtain results in about 15 min. This single-use test contains all the
reagents, enzymes, and detection strip required to perform an assay, but it
needs to be powered with 1.5 V DC battery [61, 62]. In addition, the HC-FIA
developed by Wang et al. [55], has been approved by the National Medical
Products Administration of China (registration number, 20203400298) and
acquired the European Conformity (registration number, NL-CA002-2020-

50112).

Table 1. Comparison of the analytical performance of the most relevant

biosensing strategies developed for SARS-CoV-2 RNA detection.

Biosensing with electrochemical transduction

Detection Linear Detection
Technique Electrode Platform Range Limit Sample Ref.
Amperometry SPAUE Thiolated capture 0-80pM 0.6 pM SARS-CoV-2 [28
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EIS

DPV

DPV

V versust
measurments

EDL-gated
BioFET

DPV

DPV

GCE

SPAUE

SPCE

Au

Au

probe immobilized on
maleimide-coated
magnetic beads.
Amplification system
employing a
sandwich-type
scheme based on
STP-HRP conjugates.

Biotinylated probe
sequence

immobilized on a
MWCNTs-Av  hybrid
as biocapture
nanoplatform

Mixture of different
shape Au
nanostructures to

immobilize a thiolated
DNA probe sequence
combined with MB-
functionalized carbon
nanodots

SPCE modified
BNQDs and FGNs as
anchoring site for a
thiolated DNA probe

Graphene suspension
as a support for
ssDNA probes-
capped AuNPs

Thiolated ssDNA
probes  immobilized
on sensor surface

Target-triggered

cascade signal
amplification by
integration of CHA

and TdT, and using
[Ru(NHs)e]**
electrostatically
adsorbed as
marker

redox

Target-triggered

cascade signal
amplification by
integration of CHA,
target recycling, Y-
shaped DNA structure
formation, and TdT,
and using
[Ru(NHs)e] ™"
electrostatically
adsorbed as redox

marker
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1.0x 108

M -
1.0x 10"

10.0 aM -
10.0nM

1.0x 108
M -
1.0x10°
M

585.4
copies/uL

5.854
x10’
copies/uL

1fM-1
pM

0.1 pM -
3000 pM

0.1 pM -
1000 pM

0.33 aM

2.2 aM

0.27 aM

6.9
copies/pL

<1fM

45 tM

26 M

cell culture

Samples
obtained from
SARS-CoV-2

RNA PCR

Nasopharyngeal
samples of
COVID-19

patients

Nasopharyngeal
swabs of
healthy subjects
and COVID-19
patients

Clinical samples
from COVID-19
patients and
healthy
asymptomatic
subjects

Saliva

Oropharyngeal
swabs of
healthy subjects
and COVID-19
patients

Oropharyngeal
swabs of
healthy subjects
and COVID-19
patients

[29
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SWV

SPAUE

Graphene as a
support for MECS
based on DNA
nanostructures

mimicking a hydra
architecture. Tentacle
contains the DNA
probe and MB as
electrochemical label.

0.05
copies/uL

500
copies/uL

4 copies/

80 pL

Nasopharyngeal

swabs (36

Biosensing with electrochemiluminescence transduction

Detection
Technique

Electrode

Working principle

Linear
Range

Detection

Limit

Sample Ref.

ECL

Dual-
wavelength
ratiometric

ECL

Dual-
wavelength
ratiometric

ECL

Dual-
wavelength
ratiometric

ECL

Au

Au

GCE

GCE

DNA tetrahedron
immobilized on
electrode surface
contains the ssDNA
capture probe that
enables the target
DNA-participated
entropy-driven
amplified reaction and
leads to linking of the
[Ru(bpy)s]**-modified
DNA to the exposed
domain of the capture
probe to give “ECL
on”

RET mechanism
between g-C3Na,
linked to a triple helix
DNA, and Ru-
SiO,@FA, bridged to
upright DNA on g-
CsNg4 via output DNA,
combined with 3D
DNA walker
amplification that
converted a trace
amount of target into
a large number of
output DNA

RET mechanism
between Au-g-C3Na,
linked to TDNAs with
a hairpin structure as
walking tracks for the
bipedal DNA walker,
and PEI-
Ru@TizsCo@AuUNPs-
DNA7, used to
combine  with the
excised hairpin part of
TDNAs, based on
both target-triggered
entropy-driven and
bipedal DNA walker
amplification
strategies

RET mechanism
between Au-g-C3Na,
bound to a DNA that
can pair with a part of
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1fM - 100
pM

1fM-10
nM

10 aM -
10 pM

Up to 30

2.67 M

0.18 fM

7.8 aM

59 aM

Human serum [37

Healthy human

throat swabs (38

Human serum [39

Normal human
pharyngeal [40
swabs



target (DNA1), and
[Ru(bpy)s]**, linked to
another DNA probe
(Rul), based on HCR
amplification induced
by a Y-DNA probe
linked to hairpins and
Rul. One part of
target can pair with
DNA1 and the other
part with the Y-type
probe and open the
hairpin structure.

Activation  of the
cleavage activity of
CRISPR-Cas12a

using dsDNA
amplified from target
DNA by a 3D DNA

walker. PEI-
Ru@TisC,@AUNPs-
ECL GCE DNA7-based ~ EcL UP0500 455y Pharyngeal [41
. . aM swab
signal increases when
activated CRISPR-
Casl2a cleaves Fc-
modified ssDNA7
causing Fc
(quencher) to move
away from electrode
surface.
Biosensing with optical transduction
Detection . . Linear Detection
. - Sample Ref.
Technique Working principle Range Limit p
Naked-eve Target-derived dsDNA amplicons
and y trigger the CRISPR-Casl2a-based
smartphone- degradation of a linker ssDNA of 10° - 108 1.0 Positive and
P two AuNPs-DNA probes, inducing . ‘ negative clinical  [43
based . . copies/pL. copy/uL
) . the AuNPs disaggregation and swab samples
colorimetric eneratin observable color
detection 9 9
changes
Target-derived dsDNA amplicons
trigger the CRISPR-Casl2a-based Clinical samoles
Personal degradation of a linker ssSDNA ofhealthp
between invertase and MBs, 10!-10* 10 . y
glucose - . ) . : subjects and [44
releasing invertase from residual copies/uL  copies/pL
meter : . : COVID-19
MBs by magnetic separation which .
- patients
catalyzes the conversion of sucrose
to glucose
Target-derived dsDNA amplicons
trigger the CRISPR-Casl2a-based
degradation of a SERS probe
Raman formed by MBs and AgNPs@4-ATP . 10 M Nasopharyngeal [45
spectroscopy linked through a linker ssDNA, ’ swabs
removing the Raman tags of the
MBs and thus decreasing the
Raman intensity
Target RNA triggers the CRISPR-
Naked-eye Casl3a-based cleavage of ssRNA
and oligonucleotides  conjutaded to N 100 pM Nasopharyngeal [46
colorimetric ~ AuNPs, inducing their colloidal P swabs
detection aggregation and generating

observable color changes
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Fluorescence

Fluorescence

Naked-eye
detection
based on

MPAD

CRISPR-mCas13 recognizes and
cleaves RT-LAMP-amplified target
RNA sequences, exhibiting
collateral cleavage activity that
degrades a ssRNA reporter (formed
by a fluorophore, a short ssRNA
sequence, and a quencher), which
emits fluorescence upon cleavage
of the short ssSRNA

Molecular beacon based on ht-G3
lights up Thioflavin T in potassium
solution, whose fluorescente
increases significantly after adding
the target RNA. DSN was
introduced for target recycling and
signal amplification.

in situ formation of anisotropic
AuNPs using ASOs and a polyG
tail, which after hybridization with
target RNA undergo aggregation
and generate observable color
change

0.1 nM -
1.0 nM

4.0
copies/uL

0.01 nM

Oropharyngeal
and
nasopharyngeal
swabs

Throat samples

[47

[48

[49

Lateral Flow biosensing

Detection
Technique

Working principle / Platform

Linear
Range

Detection
Limit

Sample

Ref.

LFB

LFB

LFB

LFB

LFB

Target-derived dsDNA amplicons
obtained by RT-MCDA trigger the
CRISPR-Cas12a-based cleavage of
FITC/biotin-labeled ssDNA
reporters. STP-AuNPs deposited on
the conjugate region and Anti-FITC
and bBSA as the capture reagents
on control line and test line,
respectively.

Target-derived dsDNA amplicons
obtained by RT-LAMP trigger the
CRISPR-Cas12a-based cleavage of
fluorophore/quencher-labeled
ssDNA reporters.

Two different target-derived dsDNA
amplicons obtained by RT-LAMP
were simultaneously labeled, one
with FITC and biotin and another
Dig and biotin. STP-DNPs
deposited on the conjugate region
and Anti-FITC (test line), Anti-Dig
(test line), and bBSA (control line)
as the capture reagents on the
detection region.

FNPs labelled with S9.6 monoclonal
antibodies capture the RNA target-
DNA probe hybrid. S9.6 monoclonal
antibodies and Anti-rabbit IgG
polyclonal antibodies prefixed on
test line and control line,
respectively.

Face-mask sensor with collection of
the sample in the inner part of a
mask, and sensing following

7 copies
per
test

10 copies
per
reaction

12 copies
per
reaction

500
copies/mL

500
copies/mL

Swabs

Nasopharyngeal
swabs

Oropharynx
swab samples

Throat swabs
and sputum
samples

[52

53

[54

[55]

[56]
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different steps: lysis , RT-RPA
amplification at room
temperature,and detection by
CAS12a that results in collateral
cleavage of FAM-biotin ssSDNA
probes, and LF detection through
the use of anti-FAM conjugated
AuNPs.

Abbreviations: SPAUE: screen-printed gold electrodes; STP: streptavidin; HRP: horseradish peroxidase;
EIS: electrochemical impedance spectroscopy; GCE: glassy carbon electrode; MWCNTSs: multi-walled
carbon nanotubes; Av: avidin; RNA: ribonucleic acid; PCR: polymerase chain reaction; DPV: differential
pulse voltammetry; DNA: deoxyribonucleic acid; MB: methylene blue; SPCE: screen-printed carbon
electrodes; BNQDs: boron nitride quantum dots; FGNs: flower-like gold nanostructures; ssDNA: single-
stranded deoxyribonucleic acid; AuNPs: gold nanoparticles; EDL-gated BIioFET: electrical double layer-
gated field-effect transistor-based biosensor; CHA: catalytic hairpin assembly; TdT: terminal
deoxynucleotidyl transferase; SWV: square wave voltammetry; MECS: self-actuator molecular-
electrochemical system; ECL: electrochemiluminescence; [Ru(bpy)g]z*: tris(4,4'-dicarboxylic acid-2,2'-
bipyridyl)ruthenium(ll); RET: resonance energy transfer; g-CsNa4: graphitic carbon nitride nanosheets; Ru-
SiO,@FA: Ru-SiO, nanospheres functionalized with folic acid; Au-g-CsN4: graphite-C3N4 decorated with
AuNPs; PEI-Ru@TizC,@AuUNPs-DNA7: Nanocomposite of polyethylenimine, Ru(bpy)32+, TizC, MXene,
gold nanopatrticles, and thiolated DNA probe; HCR: hybridization chain reaction; Y-DNA: three-stranded Y-
type DNA; CRISPR-Casl12a: clustered regularly interspaced short palindromic repeats-associated protein
12a; dsDNA: double-stranded deoxyribonucleic acid; Fc: ferrocene; MBs: magnetic beads; SERS: surface-
enhanced Raman spectroscopy; AgNPs@4-ATP: silver nanoparticles modified with 4-aminothiophenol;
CRISPR-Casl13a: CRISPR-associated endonuclease LwaCasl13a; ssRNA: single-stranded ribonucleic
acid; CRISPR-mCas13: CRISPR-associated miniature Casl3; RT-LAMP: reverse transcription loop-
mediated isothermal amplification; yPAD: microfluidic paper-based analytical device; ASOs: antisense
oligonucleotides; PolyG: polyguanine; LFB: lateral flow biosensor; RT-MCDA: reverse transcription multiple
cross displacement amplification; FITC: fluorescein; Anti-FITC: rabbit antifluorescein antibody; bBSA:
biotinylated bovine serum albumin; Dig: digoxin; DNPs: dye-coated polymer nanoparticles; Anti-Dig: sheep
antidigoxin antibody; FNPs: fluorescent nanoparticles composed of europium chelate;

3. Conclusion and future outlook

The fast, friendly, sensitive, and selective detection of SARS-CoV-2 is
highly required for the early diagnosis of COVID-19. The negative impact of the
COVID-19 outbreak on health systems all around the world was the engine for
the development of different biosensing strategies. RT-PCR, the gold standard
technique, has demonstrated to be extremely useful during the most critical
period of the pandemic; however, it presents several limitations connected to
the problem of the false negative for infected people with low level of virus and
the difficulties for descentralized use. Three years after the beginning of the

COVID-19 pandemic, in addition to RT-PCR, we have a battery of sensing
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methodologies that allowed us to obtain information at the different stages of
the disease, either to confirm the presence of the virus (viral RNA or viral
protein), at the first days, mainly based on isothermal amplification, or to know
the immunological response of the host due to the presence of the virus
(immunoglobulins) after the first week.

Biosensors represent an interesting alternative for the quantification of
SARS-CoV-2 nucleic acid, either associated to isothermal amplification
strategies following different transduction schemes, or without amplification,
mainly in the case of electrochemical transduction. In this sense, the known
advantages of electrochemical biosensors, connected with the possibility of
miniaturization, friendly use, high sensitivity and selectivy and fast response,
make them an interesting alternative for the direct quantification of SARS-CoV-2
nucleic acid, either by developing new devices or or even taking advantage of
the well-known portable glucometers.

The combination of adequate extraction and amplification strategies with LF-
immunosensig readout, has allowed the highly sensitive and selective detection
of SARS-CoV-2 RNA, with successful applications in the market, representing a
very promising biosensing alternative for POC measurements. The association
of the LF with the biosensing principles have already proven to be extremely
useful for large-scale manufacturing. In fact, the mass production of the well-
known “antigen test”, their sale in pharmacies, and their use by patients at
home without need to attend to the hospitals or screening centers, undoubtedly
represented a before and after in the diagnosis of COVID-19 and made possible
a significant decompression of the collapsed healthcare systems around the

world, even when it is not sensitive enough during the first days of the COVID-
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19. Based on these excellent results, is expected that LF biosensors for the
detection of viral RNA or viral particles be also successful and allow an early,
sensitive and fast POC diagnostic of COVID-19.

However, in spite of the advantages of these excellent diagnostic tools, the
development of massive biosensors for the detection/quantification of SARS-
CoV-2 RNA with the sensitivity enough to detect the presence of RNA at very
early stages of the COVID-19, is still one important challenge. Thus, the “to do
list” for the future of SARS-CoV-2 biosensing platforms involves the
development of fast, accurate, amplification-free, and large-scale multiplex POC
devices for SARS-CoV-2 RNA quantification with a sensitivity high enough to

detect very low number of copies and new mutations of the virus.
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HIGHLIGHTS

Biosensors have demonstrated to be an excellent analytical tool to
quantify SARS-CoV-2.

Electrochemical genosensors have allowed the sensitive detection of
SARS-CoV-2 nucleic acids using simple transduction schemes.
Isothermal amplification/biosensors association represents an interesting
alternative for detecting SARS-CoV-2 nucleic acids.

Isothermal amplification/Lateral Flow association is an interesting
alternative for POC designs.
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