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are of significant importance, allowing the rapid, precise, and low-cost testing of a substantial number of
individuals. Currently, PCR-based techniques are the gold standard for the diagnosis of viral diseases.
Although these allow the diagnosis of different illnesses with high precision, they still present significant
drawbacks. Their main disadvantages include long periods for obtaining results and the need for
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Viral diseases scenario, biosensors have been presented as promising alternatives for the rapid, precise, low-cost, and
Genosensor on-site diagnosis of viral diseases. This critical review article describes the advancements achieved in the
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last five years regarding electrochemical biosensors for the diagnosis of viral infections. First, geno-
sensors and aptasensors for the detection of virus and the diagnosis of viral diseases are presented in
detail regarding probe immobilization approaches, detection methods (label-free and sandwich), and

amplification strategies. Following, immunosensors are highlighted, including many different con-
struction strategies such as label-free, sandwich, competitive, and lateral-flow assays. Then, biosensors
for the detection of viral-diseases-related biomarkers are presented and discussed, as well as point of
care systems and their advantages when compared to traditional techniques. Last, the difficulties of
commercializing electrochemical devices are critically discussed in conjunction with future trends such
as lab-on-a-chip and flexible sensors.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Viruses are responsible for causing many different diseases
which lead to hundreds of thousands of deaths every year [1],
including influenza [2], Ebola [3], MERS (Middle East respiratory
syndrome) [4], HIV/AIDS (human immunodeficiency virus/Ac-
quired immunodeficiency syndrome) [5] and, more recently,
COVID-19 (coronavirus disease 2019) [6]. These are one of the
smallest infectious agents known to men, presenting only a few
numbers of genes usually encased in a proteic capsid and a lipidic
envelope [7]. The translation of such genes occurs only by the
machinery of the host cell, which is used by the intercellular
parasite to synthesize millions of new viral particles [8] which will
act similarly, causing harsh consequences quickly [9]. In this sce-
nario, the rapid and precise diagnosis of viral diseases is of extreme
importance to improve clinical outcomes, allowing doctors to take
adequate measures.

Recently, the deep global health and economic impact caused by
the pandemic of SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) has also raised great attention to the need for low-
cost diagnosis of viral diseases and the preparation for future out-
breaks. Besides being able to mutate quickly and to recombine
genetic material [10], viruses can present excellent resistance and
high transmissibility [11], increasing the chance of a pandemic,
especially in a globalized world. Future pandemic events caused by
viruses are not only possible but also probable, requiring prepara-
tion from the scientific community, governments, and the general
population [12]. In this context, the rapid diagnosis of novel viral

infections (e.g. SARS-CoV-2) plays an essential role in its adequate
control, allowing the first isolation of patients and preventing its
incontrollable spreading.

Currently, the gold-standard techniques applied for the diag-
nosis of viral diseases are PCR (polymerase chain reaction) and
ELISA (enzyme-linked immunosorbent assay). These present
adequate limit of detection (LOD) and precision but require
specialized reagents, personnel, and facilities to be performed,
presenting low accessibility and delayed results. Therefore, the
development of new and improved strategies able to perform the
rapid, simple, and in situ diagnosis of viral diseases with low-costs
is of great interest. Such tools would allow results to be obtained in
a few minutes in a decentralized fashion, possibly dramatically
increasing the number of tests that could be performed. Further-
more, even regions with low-resources and lacking specialized
personnel would be able to perform the tests along the hospital
beds.

This review article critically discusses new and improved elec-
trochemical biosensors for efficient virus detection and the diag-
nosis of viral diseases published in the last five years. The precise
diagnosis of COVID-19 (coronavirus disease 2019) is highlighted in
a specialized section. Diverse construction techniques for building
immunosensors and genosensors are covered, as well as the ad-
vantages of point of care (POC) devices when compared to tradi-
tional techniques. Furthermore, the challenges of commercializing
electrochemical biosensors are discussed along with future ten-
dencies on the field, including lab-on-a-chip and flexible devices.
Other recent review papers on detection of viruses with extremely
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valuable content can be found in the literature, including the ones
published by Ribeiro et al. [13], Mokhtarzadeh et al. [ 14], and Ji et al.
[15]. This is, however, to the best of our knowledge, the most
detailed review regarding current electrochemical biosensors for
viral detection published in recent years.

2. Genosensors or DNA/RNA sensors for viral detection

Genosensors or DNA/RNA sensors are compact analytical de-
vices frequently used to identify pathogens, such as bacteria and
viruses, diseases, and/or predisposition for diseases through ge-
netic material analysis. Genosensors use immobilized DNA/RNA
probes as a recognition element, allowing specific hybridization
reactions to occur usually by DNA—DNA or DNA—RNA molecular
recognition [16,17]. These specific bindings provide high specificity
and allow the direct analysis of complex samples [16,18]. Among
the several advantages attributed to genosensors are the simplicity
of construction and the fast results acquisition. Furthermore, these
usually involve fewer measurement steps and use lower reagent
amounts if compared to traditional techniques [19,20]. The many
different genosensor types mainly differ regarding the transduction
method, which is typically optical [21,22], piezoelectric [23,24], or
electrochemical [25,26]. Electrochemical genosensors, in special,
are one of the most commonly found in the literature. Some of the
main strengths of these devices are their great miniaturization
potential, high sensitivity, extremely low LODs, and usually not
requiring complex sample pretreatment [27]. On the other hand, its
main disadvantages include higher costs and greater instrumental
complexity, especially if compared to similar colorimetric devices.
It is important to emphasize, however, that unlike electrochemical
biosensors, colorimetric devices usually present the limited po-
tential for performing precise target quantification, which is
important for indicating the severity of an infection, for example
[28,29].

In recent years, advances in electrochemical genosensors can be
categorized into three main topics: probe immobilization method,
detection design, and signal amplification strategy. Thus, each of
these points will be better explored next.

2.1. Methods for DNA immobilization on electrodes

In general, the development of electrochemical sensors is based
on the premise that the proposed electrode presents one or more
interesting physical-chemical properties, such as high electrical
conductivity, high sensitivity, and selectivity or specificity to the
desired analyte [30,31]. In this way, usually, the surface of an
electric transducer is modified by the incorporation of synthetic or
natural materials that promote the required properties, being
called modified electrodes [32,33]. Regarding genosensors, it is not
different. Indeed, the main concern is the probe immobilization,
which should allow efficient hybridization while maintaining the
desired electrical properties of the transducer [34]. The amount of
probe immobilized on the genosensor surface (i.e., probe density) is
directly related to the availability of analyte binding sites [35].
However, excessive probe density can lead to the saturation of the
sensor surface and steric hindrance, significantly decreasing hy-
bridization efficiency [36,37]. Therefore, the conditions and
methods applied for probe immobilization are crucial to ensure the
good performance of genosensors.

Among many different strategies, adsorption is the simplest way
to incorporate genetic material into the transducer surface. Carbon
nanomaterials are commonly employed for this purpose, such as
graphene or carbon nanotubes (CNT), acting mainly through van
der Waals interactions [25,38,39]. Although being the simplest
strategy and not presenting limitations regarding the nucleic acids
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to be applied, this strategy is not widely used [16]. There are a few
publications that use the adsorption strategy in biosensors devel-
opment [40—43] but, usually, strong and oriented interactions are
preferred for probe immobilization [44], such as covalent bonds
[45—47] and crosslinking [42,48,49] as these are commonly able to
provide devices with a greater availability of analyte biding sites
and more stability.

Regarding the use of covalent bonds for probe immobilization,
thiol-Au interactions are one of the most used approaches [50—52].
Manzano et al. [52] have applied this technique to construct a
genosensor for the sensitive detection of hepatitis A virus cDNA.
Specific thiolated DNA probes were immobilized in the disposable
screen-printed gold electrodes (SPAUE) by thiol-Au bonds. Upon
hybridization with the target, changes in the oxidation potential of
the indicator tripropylamine were observed due to the blocking
effects for charge transfer and diffusion. The device was easy to use,
provided rapid results, and was capable of achieving a limit of
detection (LOD) of 6.94 fg pL~! for viral cDNA, which is similar to
the values obtained using nRT-PCR (Nested-reverse transcription-
polymerase chain reaction) (6.4 fg pL™!). However, no evidence
was provided regarding its direct application to real samples, which
is essential to assure the biosensors functioning in a complex
environment.

Probably, the interaction between avidin (or streptavidin) and
biotin is one of the most used probe immobilization strategies,
being characterized as a cooperative hydrogen bond (crosslinking)
[34,48,53,54]. These interactions are highly strong and very close,
promoting great immobilization stability [55]. Carinelli and co-
authors used this strategy for the efficient Ebola virus cDNA
quantification [56]. The detection strategy was based on the use of
magnetic particles modified with streptavidin to bind to cDNA
biotinylated probes. These, in turn, were amplified by rolling-circle-
amplification (RCA). HRP (horseradish peroxidase) probes (readout
probe) were then added to the system and hybridized to the
amplified portion of the cDNA, allowing the electrochemical
detection using the H0, voltammetric reduction by square-wave
voltammetry (SWV). A step-by-step of the applied method is
shown in Fig. 1A. The high stability of the bond between strepta-
vidin and biotin allowed the target amplification and the incorpo-
ration of several HRP-probes, significantly increasing the sensitivity
of the developed device. The further reamplification of the target
using the circle to circle amplification (C2CA) enabled the designed
system to detect amounts of the target as low as 200 ymol (ca. 120
cDNA molecules) in less than 2.5 h (Fig. 1 B, C and D). Although the
low LOD achieved by the developed strategy presents the potential
to detect the disease in its early-stage (10° to 10'° RNA copies/mL)
[57], no evidence of its application in real samples was provided
due to the challenges involved in using Ebola-virus contaminated
fluids. C2CA application in real samples was already proven
possible by previous studies [58], but the complexity involved in
the designed system brings important drawbacks for its practical
use.

Some common crosslinkers are also widely explored to perform
efficient and stable probe immobilization, including glutaraldehyde
(GA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) [26,37,59]. For example, Farzin et al.
[37] reported a device modified with an amine-ionic liquid func-
tionalized reduced graphene oxide (rGO) for the detection of hu-
man papillomavirus (HPV)-16 ¢cDNA (complementary DNA). The
synthesized material was deposited on top of electrodes modified
with multiwalled carbon nanotubes (MWCNTSs), which was used for
the covalent binding of aminated DNA probes with the use of GA.
The authors then used the nanostructured platform for detecting a
fragment of HPV-16 cDNA by differential pulse voltammetry (DPV).
The response mechanism is label-free, using the anthraquinone-2-
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Fig. 1. Basic device operation and results obtained by Carinelli et al. using RCA and C2CA combined with electrochemistry for the precise detection of Ebola virus cDNA. (A) Step-by-
step schematic representation of the proposed genosensor. Step A1l - Coupling of the circularized biotinylated cDNA to streptavidin-magnetic particles; step A2 - amplification by
RCA using $29 DNA polymerase; step A3 - Hybridization step with a probe labeled with HRP and; step A4 - Electrochemical determination on SPCEs by SWV with an enzymatic
reaction in the presence of hydroquinone as a mediator. (B) Square wave voltammograms for different concentrations of cDNA templates for C2CA (C) calibration curve obtained by
one-site binding fitting and by (D) four-parameter logistic fitting. (Reprinted with permission from Carinelli et al. Yoctomole electrochemical genosensing of Ebola virus cDNA by
rolling circle and circle to circle amplification. Biosens. and Bioelectron. 93, 65—71, © 2017 Elsevier BV [56]).

sulfonic acid monohydrate sodium salt as a signal probe. In this
case, the salt was only incorporated into dsDNA (double-stranded
DNA) after the hybridization of the probe with HPV-16 cDNA. The
applied strategy provided the genosensor with high stability due to
the existence of a strong and stable bond between the DNA frag-
ment and the amine-ionic liquid functionalized rGO. With this
strategy, the authors have obtained a LOD of 1.3 nmol L~! for HPV-
16 cDNA. To evaluate the applicability of the device to real samples,
HN5 head and neck squamous carcinoma cell lines were spiked
with target DNA (0—5.0 M), showing recoveries ranging from 94 to
103%. It is important to notice, however, that the target strand is a
small portion of the viral genetic material, being considerably
shorter (17 pb) than the ones typically found in real, untreated
samples.

2.2. Label-free and sandwich genosensors

DNA/RNA target determinations can be easily performed by the
incorporation of a label sequence that presents a specific response,
by using optical [21,60], fluorimetric [61,62], or electrochemical
[63,64] detection systems. Regarding electrochemical genosensors,
labels can be added to the capture probe or, more commonly, to a
reporter probe. When the capture probe itself is labeled, the
analytical response is usually based on the proximity of the label
and the electrode, which varies in the presence of the analyte [65].
When a labeled reporter probe is used, on the other hand, a
sandwich-like structure is formed with the capture probe and the
desired target, and then the analytical response relies on the
presence and on the amount of label itself [66,67].

Commonly, the use of labels can bring great advantages to the
analytical performance of genosensors, including higher sensitivity
and significantly lower LODs and LOQs. Furthermore, different la-
bels can be applied for the efficient simultaneous or differential
detection of analytes even in a complex biological matrix. The main
challenge, in this case, is to improve the label immobilization on the
genetic probe while still maintaining the accessibility to efficient
hybridization [68]. The methods depend on the affinity of the label
species for the biomolecule and must present great stability. Dis-
advantages of using sandwich-like strategies are usually related to
higher analysis costs, more complex designs, and delayed results
[68].

Recently, approaches based on simple construction strategies or
that are capable of producing devices with lower financial re-
sources have been attracting great attention from the scientific
community. In this context, electrochemical viral determination
using label-free devices has been widely explored [69,70], with a
greater number of examples being found in the literature, if
compared to sandwich-based (labeled) designs. Such de-
terminations are usually based on the difference of charge transfer
resistance when the genetic material is in its single- or double-
stranded form. Although usually simple to use, label-free bio-
sensors might present higher LODs than the similar labeled ones.

The label-free strategy was employed by Srisomwat et al. [71] in
the development of a pop-up origami-based genosensor for label-
free electrochemical detection of hepatitis B virus DNA. For that,
the authors screen-printed a working electrode using graphene ink
on one side of the paper device and modified the backside with
specific pyrrolidinyl peptide nucleic acid by covalent binding. While
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unhybridized, the probe allows efficient electron transfer. After
target hybridization, however, electron transfer resistance in-
creases significantly, allowing its precise determination through
current monitoring using DPV in the presence of an electro-
chemical probe (potassium hexacyanoferrate (IlI)/(1)). The simple
methodology allowed the development of a low cost and sensitive
device for the precise detection of hepatitis B virus DNA with a LOD
of 1.45 pmol L~ Although the applicability of the device in real
scenarios was tested using samples prepared from plasmid con-
structs in concentrations typically found in serum of HBV patients
(102 to 10° copies/pL), it is unclear if the device was tested in plasma
itself — which may bring substantial challenges for the practical use
of the biosensor.

Similarly, the decrease in electronic transfer capacity due to DNA
target hybridization can be monitored through the direct measure
of charge transfer resistance, which can be easily obtained using
electrochemical impedance spectroscopy (EIS). This technique is
probably the most common one for the construction of label-free
genosensors [50,51,72—75]. For example, Faria and Zucolotto [50]
have constructed an impedimetric genosensor for the label-free
detection of the Zika virus. For that, the authors used gold-based
three-electrode disposable strips, and the determination of the
target was performed by EIS. The SH-probe DNA oligonucleotide
was immobilized by self-assembled monolayers (SAMs) on gold
working electrodes and, afterward, incubated in the sample. The
measurements were based on a decrease of charge transfer resis-
tance after hybridization in the presence of a widely applied elec-
trochemical probe (potassium hexacyanoferrate (III)/(II)). The
proposed device displayed a great selectivity for Zika virus cDNA
sequences in the presence of the non-complementary cDNA
sequence for the dengue virus, and a LOD of 25 nmol L=, Although
being extremely simple to produce and presenting adequate
analytical performance, the device was only tested in samples
produced after PCR amplification, considerably restricting its point-
of-care and rapid application. Furthermore, no real samples were
used, and further studies must be performed in order to prove its
clinical applicability.

Many other types of arrangements can be used in genosensors
development [76—79]. The use of nanomaterials or nanostructures,
for example, can provide greater sensitivity to the developed de-
vices [80—82]. In this case, the unique properties of nanomaterials
can be extremely useful, which include their high electron mobility
and specific surface area, and their electrical and thermal proper-
ties [83]. Furthermore, the possibility of tailoring nanostructures
using different materials (e.g., Au, Ag, C, and Si), in different sizes
and shapes enables the design of novel and enhanced biosensors.
The improvement of the analytical performance of genosensors
using nanomaterials is usually achieved by the modification of
electrodes for obtaining high electrical conductivity, and to increase
biomolecules loading, or through the use of labels that provide
greater sensitivity [84].

Shariati et al. [82] developed an impedimetric genosensor for
the simple detection of HPV DNA. A conventional three-electrode
array was employed, with the working electrode being composed
of gold nanotubes/nanoporous polycarbonate templates. Specific
thiolated ssDNA was covalently immobilized into the pores of the
working electrode. The identification of HPV was then performed
through monitoring the charge transfer resistance before and after
the hybridization of target sequences. The electrode structure
allowed an extremely low LOD of 1.0 fmol L™, which is consider-
ably lower if compared to a similarly constructed device that does
not contain nanostructures (LOD 25 nmol L) [50]. Besides, the
genosensor was able to distinguish the target DNA from non-
complementary oligonucleotides, including a sequence containing
a single mismatch, showing the great potential of the genosensor to

Analytica Chimica Acta 1159 (2021) 338384

be applied in complex samples. No real samples, however, were
used in the study, and a short DNA sequence (25 pb) was used for
testing, which suggests the need for substancial studies prior to
direct application in clinical samples.

In another example, Hu et al. [85] applied nanomaterials in the
development of an electrochemical genosensor for a conserved
fragment of the pol gene sequence of human immunodeficiency
virus 1 (HIV-1) detection. The authors used a glassy carbon elec-
trode modified with graphene sheets and decorated with “green”-
synthesized gold nanoparticles. The specific DNA probes, on its
turn, were immobilized on the modified working electrode through
electrostatic interactions. The HIV-1 detection was performed with
the EIS technique in the presence of potassium hexacyanoferrate
(ID)/(II). In this case, an increase in charge transfer resistance values
was observed after the hybridization with target DNA and a LOD of
34 fmol/L~! was obtained. Once more, the electrode modification
with nanomaterials has led to an improvement in the genosensor
performance with great simplicity even in label-free systems. As in
previously mentioned examples, the device was not tested in any
real samples, bringing doubts regarding its practical applications.

A strategy for determining hepatitis B virus using electro-
chemical genosensors has also been proposed by Shariati [68]. In
this work, a field-effect transistor (FET) was constructed for the
precise determination of the hepatitis B virus. The system was
based on the synthesis of Au-decorated ITO nanowires on the FET
system that allowed the simple attachment of the desired specific
thiolated oligonucleotides (Fig. 2A and B). The hepatitis B virus DNA
determination was then performed by electrical transfer shifts
caused by the negatively-charged complementary DNA (Fig. 2C).
The proposed system using an electrochemical transducer pre-
sented a LOD of less than 1.0 fmol L~! and displayed the ability to
differentiate between target and mismatch sequences, which
would be practically impossible to achieve using a colorimetric
device, for example. Comparing this developed strategy with the
one described by Srisomwat et al. [71] for the detection of the same
virus (previously discussed), it is clear the device created by Shar-
iati presents a more complex construction procedure, including E-
beam lithography and the use of tubular furnaces, and relies on
more expensive substrates, such as gold and ITO. However, the
analytical performance of the biosensor described by Shariati is
superior to the one achieved by Srisomwat, with a LOD 1000x
lower. Therefore, this protocol may hold potential to improve
clinical diagnosis, with further testing with biological samples be-
ing required to prove its practical use.

As previously stated, the use of labels in sandwich-like designs
has the potential to improve the genosensors analytical perfor-
mance, if compared to label-free similar assembles. An example
was published by Alzate et al. [60], who constructed a genosensor
for the selective detection of the Zika virus concomitantly in the
presence of dengue and chikungunya homologous arboviruses. The
detection of the genetic target was achieved using a biotin-labeled
capture probe and the signal probe with the HPR label. A SPAUE was
used as a transductor electrode for chronoamperometric mea-
surements. The use of an enzymatic label, although adding
complexity and increasing the costs of the tests, allows LODs in a
pmol L~! range to be achieved. In this case, a 1000 lower LOD was
observed than a previously described label-free approach for the
detection of the same virus (25 nmol L~!) [50]. The device was also
tested in conditions close to clinical applications, with the
biosensor being able to adequately detect and differenciate Zika
virus synthetic genetic material from other arboviruses in spiked
serum, urine, and saliva samples without the need of PCR ampli-
fication (0.5 nmol L™1). The device was also tested in cDNA and RNA
from patients infected with Zika virus, being able to differenciate
between control and positive samples.
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Fig. 2. Strategy developed by Shariati et al. for the sensitive determination of hepatitis B virus. (A) Schematics showing the electrodes and Fet pattern; (B) Growth of ITO nanowires
over Au patterns. C) Systems response upon the addition of different concentrations of complementary (red), mismatch (black) and non-complementary (blue) sequences.
(Reprinted with permission from Shariati, M. et al. The field-effect transistor DNA biosensor based on ITO nanowires in label-free hepatitis B virus detecting compatible with CMOS
technology. Biosens. and Bioelectron. 105, 58—64, © 2018 Elsevier BV [68]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

In a different example, Cajugas and collegues [66] used the
AuNP/DNA conjugate as a label for the ultrasensitive electro-
chemical detection of Zika virus genetic material. In this case, a
capture probe specifically designed to interact with Zika virus DNA
was immobilized at the surface of screen-printed electrodes either
based on gold (SPAuE) or carbon (SPCE). Upon the contact of the
genosensor with a positive sample, the hybridization occurs and
the nanobioconjugate label (AuNP/DNA) becomes attached to the
platform through the target sequence. The application of DPV
measurements with Ru* as an electrochemical reporter allows the
precise determination of Zika virus, with a linear signal being ob-
tained in concentrations ranging from 10 to 600 fM of target for
SPAuEs and from 500 fM to 10 pM for SPCEs. Genosensors based on
SPAuEs achieved LODs as low as 0.2 fM, one of the lowest values
reported in this review, and more than ten million times lower than
the ones reported by a similar label free assay [50]. Furthermore,
the device presented great potential for the simple diagnosis of the
disease in situ, being able to detect Zika virus genetic material in
real serum samples with no need for sample extraction or PCR
amplification. Therefore, although being based on an analytical
mechanism with additional elements and higher complexity (if
compared to label-free systems), the developed device eliminates
the need for amplification steps, significantly reducing the total
analysis time and allowing the full diagnosis to be performed using
a single equipment.

Chen et al. [67], on its turn, have developed a dual-probe
sandwich-like electrochemical genosensor for the B/C genotyping
of hepatitis B virus. In this case, the use of sequential hybridization
steps in different temperatures was used to differentiate the virus
genotypes while the use of reporter probes conjugated with HRP
allowed the amperometric detection of both of the targets. This
strategy, therefore, demands performing several hybridization
steps and measurements for obtaining the final results, signifi-
cantly increasing total analysis time and reducing its practical ap-
plications. To achieve fast responses, reporter probes labeled with
nanomaterials presenting different properties (e.g., oxidation po-
tentials) could be applied [86].

2.3. Signal amplification method

Although some electrochemical genosensors are currently able
to detect viral genetic material in the same range of concentrations

found in vivo [52,66,87], others still lack sensitivity for the direct
analysis of biological fluids. In this regard, signal amplification
strategies can be employed, aiming at amplifying the target itself or
the signal magnitude generated by the label species [88].

PCR analysis and its variations are the most common amplifi-
cation strategies for virus determination [89—91], are extremely
sensitive and present high specificity [92—94]. These, however,
require specialized instrumentation and trained personnel to be
performed, which increases their cost and restricts the applica-
tions. Alternative methodologies that present higher simplicity and
lower costs while exhibiting good sensitivity have been proposed in
the literature [56,95]. An example can be found in the paper pub-
lished by Ciftci et al. [95]. The authors developed a rapid and
portable genosensor for the determination of the Ebola virus using
magnetic beads and RCA as a signal amplification system. The use of
an isothermal amplification strategy significantly increases the
portability potential of the tests, allowing its execution in low-
resource areas. The Ebola virus cDNA was amplificated by RCA on
magnetic beads and further labeled with glucose oxidase enzyme
(GOx). After GOx labeling, a chronoamperometric determination
was performed using a Prussian blue (PB) modified screen-printed
electrode (SPE) for hydrogen peroxide monitoring. The methodol-
ogy proposed in this paper has proved to be fast and sensitive,
allowing the Ebola virus cDNA determination in up to 1.0 pmol L~}
(approximately 6 x 108 targets/mL), which is in the concentration
range for diagnosing the disease on its early-stage [57]. Further-
more, the device was tested using clinical samples with high viral
loads and was able to differenciate between negative and Malaria-
contaminated samples. Therefore, despite its increased complexity,
this could be an excellent alternative for traditional methods in
determining the pathogen in clinical samples, with important
future steps being the validation of the assay using PCR and its
comparison with the standard technique.

Another exciting strategy for genetic material amplification is
the loop-mediated isothermal amplification (LAMP) technique
[96,97]. LAMP uses four to six primers and the enzyme Bst DNA
polymerase, which besides synthesis activity, allows the opening of
the dsDNA [96—98]. This strategy allows the isothermal amplifi-
cation of genetic fragments with high specificity, sensitivity, speed,
and reduced cost, being of great interest for the detection of
pathogens [99—102]. An interesting combination of LAMP and
electrochemical genosensors was described by Bartosik et al. [103]
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Table 1
Genosensors for virus detection.
Viruses Sensor Sample type Application Immobilization Label Amplification ~ Technique LOD Ref.
Chikungunya PDNA/ CHIK PDNA Serum sample Electrostatic Methylene Nanomaterial DPV 0.1 nmol L™! [267]
virus Fe304@Au/ interaction blue
ePAD
Ebola Au-SPE EBOVDNAin — crosslinking Label-free — DPV 4.7 nmol L™! [268]
PBS (streptavidin
—biotin)
Hepatitis B NPGE/MPA  HBV DNA Blood sample coordinate bond Ferrocene PCR DPV 0.8 pumol L1 [269]
(thiol-gold)
Hepatitis B ITO NWs HBV DNA — — Label-free — FET 1 fmol L~! [68]
HIV1 AulL/PTCA/  HIV DNA - coordination Label-free — EIS 34 x 107 mol L1 [85]
graphene/ bonds
GCE
HPV AuNTs-PC HPV DNA16 - coordinate bond Label-free Electric field EIS 1 fmol L™} [82]
electrode (thiol-gold)
Zika SPAUE RNA (NS5 - coordinate bond Label-free PCR EIS 25.0 + 1.7 nmol L' [50]
protein) (thiol-gold)
HepatitisB 3D HBV acpcPNA  — Hydrogen bond Label-Free — DPV 1.45 pmol L™! [71]
microfluidic
paper-based
Hepatitis B sandwich- HBV-DNA in  Serum sample host-guest HP5—Au/ Nanocomposite Chronoamperometry 0.32 fmol L~! [270]
type DNA human serum (coordination ~ CoS-aDNA material
bonds)
HPV GCE/MWCNT/ HPV DNA16 HNS5 head and neck coordination Label-free Nanocomposite DPV 1.3 nmol L™! [37]
NH2-IL-rGO squamous carcinoma bonds material
cell line
Haemophilus NPs/Ag-DPA- Haemophilus Human plasma samples Covalent bond TB PCR SWvV 1 zmol L™! [47]
influenza  GQDs/GCE influenza
genome
Ebola SPCE EBOV cDNA in — crosslinking HRP RCA SWvV 33 cDNA molecules [56]
PBS (streptavidin
—biotin)
Ebola SPE/PB EBOV cDNA in Clinical samples crosslinking GOx RCA Chronoamperometry 100 fmol L~! [95]
PBS (streptavidin
—biotin)
Zika SPAUES ZIKV — R2 Serum, urine, and saliva crosslinking HRP RT-PCR Chronoamperometry 0.7 pmol L~ [60]
samples (streptavidin
—biotin)
HPV SPCE HPV16 and Clinical samples crosslinking HRP LAMP Chronoamperometry 0.1 ng [103]
HPV18 DNA (streptavidin
—biotin)

PDNA/Fe304@Au/ePAD: gold nanoparticles associated with magnetic nanoparticles and CHIK PDNA paper analytical devices; CHIK PDNA:20-mer oligonucleotide sequence for
chikungunya capture probe; ITO NWs: indium tin oxide nanowires electrode; FET: field effect transistor; HIN1: influenza A; mini-HA-GA-APTES-ITO: indium tin oxide-based
electrode modified with aptamers, glutaraldehyde and mini-hemagglutinin; Au-SPE: gold screen-printed electrode; Cu3(P04)2-BSA-GO-AuNP: Nanoflowers based on cop-
per(Il) sulfate pentahydrate, bovine serum albumin, graphite oxide and gold nanoparticles; NPGE/MPA: 3-mercaptopropionic acid self-assembled monolayer nanoporous gold
electrode; GOx: Glucose Oxidase; RCA: Rolling Circle Amplification; SPE/PB: screen-printed electrode with Prussian blue; SPAuEs: screen-printed gold electrodes; HRP:
horseradish peroxidase; HPV: human papillomaviruses; SPCE: screen-printed carbon electrode; LAMP: Loop mediated isothermal amplification; GCE/MWCNT/NH2-IL-rGO:
glassy carbon electrode modified with multiwalled carbon nanotubes with reduced graphene oxide and an amine-ionic liquid functionalized; NPs/Ag-DPA-GQDs/GCE: glassy
carbon electrode modified with silver nanoparticle-p-penicillamine functionalized graphene quantum dots; TB: toluidine blue; SWV: square-wave voltammetry; acpcPNA:
Pyrrodinyl peptide nucleic acid; EIS: electrochemical impedance spectroscopy; AuNTs-PC: AuNTs decorated nanoporous polycarbonate; HIV1: human immunodeficiency
virus 1; AulL/PTCA/graphene/GCE: glassy carbon electrode modified with graphene sheets functionalized with 3,4,9,10-perylene tetracarboxylic acid with amine-terminated
ionic liquid protected gold nanoparticles.

for the precise determination of HPV-16 and HPV-18 DNA frag-
ments. In this paper, LAMP was applied to generate target ampli-
cons containing digoxigenin-11-dUTP (DIG-dUTP), which were
captured by magnetic particles conjugated to the desired specific
DNA probes. Then, anti-DIG-HRP were applied to label the target
and a magnetic pull-down was used to concentrate the particles on
the surface of carbon-based working electrodes. Last, ampero-
metric measurements were applied to precisely detect and quantify
the desired target. The LAMP reaction required shorter amplifica-
tion times than conventional PCR (~2.5 h), and the LOD for elec-
trochemical determination using LAMP amplification (0.1 ng) was
seven times smaller than the one obtained with PCR (0.7 ng). It is
important to mention that the developed technique displayed great
performance for clinical applications, being validated with DNA
isolated from cervical smears, not relying on thermocycling, and
presenting the potential for the simultaneous analysis of different
samples.

Table 1 shows a summary of genosensors for viral detection,
including the immobilization and detection technique applied,
sample type, application, and LOD.

3. Aptamer-based biosensors for viral diseases diagnosis

Aptamers are single-stranded artificial nucleotides (DNA or
RNA) capable of specifically binding to a target (e.g., drugs, proteins,
viruses, whole cells). Usually, these are composed of a few dozen to
hundreds of nucleotides and are produced by a technique named
Systematic Evolution of Ligands by Exponential Enrichment
(SELEX), performed by iterative cycles of binding, washing, and
amplification [104]. In recent years, aptamers have drawn signifi-
cant attention due to their low synthesis cost, easy modification
(e.g., thiol, enzymatic labels), and high stability, being adequate
bioreceptors for the construction of biosensors and increasing its
commercial potential.
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Currently, diverse important aptamer-based biosensors can be
found in the literature for the detection of viruses. Considerations
regarding its adequate construction methods and parameters can
be considered to be parallel to the ones made for genosensors.
Therefore, methods previously discussed in the genosensors sec-
tion can be used for aptamer immobilization and labeling, for
example. To illustrate, aptamer-based biosensors for aiding in the
diagnosis of viral diseases will be presented and discussed.

Bhardwaj et al. [105] applied aptamers to develop a label-free
electrochemical biosensor able to differentiate between subtypes
of influenza A H1N1 virus. Specific influenza A mini-hemagglutinin
protein was used for the production of aptamers with high binding
affinities using SELEX, allowing the detection of the desired virus
subtypes (seasonal and 2009 pandemic H1N1). The immobilization
of these aptamers onto an ITO electrode allowed the detection of
the desired targets with a LOD of 3.7 plaque-forming units mL~ It
is important to mention that the method used for immobilizing the
aptamers on the surface of the electrodes was only based on elec-
trostatic interactions, possibly limiting its use in complex samples
and its clinical applications.

Bai et al. [106], on its turn, published an EIS aptamer-based
biosensor for the detection of inactivated HIN1 virus. First, SELEX
technique was applied to generate high binding affinity aptamers to
the inactivated viruses. Then, the candidates were applied in a
direct enzyme-linked oligonucleotide assay (ELONA), with the best
ones being selected for a sandwich ELONA and the construction of
the electrochemical aptasensor. While the sandwich-ELONA ach-
ieved a LOD of 0.3 ng pL~, EIS was able to lower these values
300 x (0.9 pg pL~!) while presenting also great selectivity.
Furthermore, the analytical performance of the aptasensor was
assessed in low and high probe densities. While the best selectivity
was displayed at the low probe density, extremely higher sensi-
tivity was achieved at the high probe density. Regarding clinical
analysis, it is important to mention that the developed method
presents the advantage of not requiring sample pretreatment and
shows greater safety as inactivated samples are applied in the
analysis. However, no tests with real samples were performed in
this work.

Lee et al. [107], on its turn, have introduced a multi-functional
bioprobe, the DNA 3-way-junction (3 WJ), to detect the avian
influenza virus (H5N1) in a rapid and simple manner. The DNA 3 W]
is composed of three independent, but connected sequences. The
first one is an aptamer responsible for the recognition of HSN1 HA
protein, while the second and third ones are an HRP-mimicked
DNAzyme for generating the EC signal and a thiol group for the
efficient immobilization of the structure, respectively. The 3 W] was
then immobilized into porous AuNPs present on the top of the
working electrode and cyclic voltammetry was applied to detect
the virus in buffer and chicken serum samples. The technique
stands out for being both label-free and redox reporter-free, which
simplifies its practical use. It is also important to mention that the
developed technique can be extended for the detection of different
targets and, with the use of different labels, a multiplexed system
can be achieved. This is of great interest for practical applications,
allowing the easy and quick differenciation between viral targets.

4. Immunosensors for viral diseases diagnosis

Immunosensors have been widely used for detecting different
types of viruses, including coronaviruses, hepatitis B and C, influ-
enza, dengue, chikungunya, Zika, Japanese encephalitis, measles,
Newcastle disease, porcine epidemic diarrhea, rotavirus, entero-
virus 71 and HIV, as summarized in Tables 2 and 3. Immunosensors
have been considered as a complementary method to the tradi-
tional reverse-transcription polymerase chain reaction (RT-PCR)
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protocols due to their high sensitivity and specificity. Also, the rapid
diagnosis of viruses can be performed without the sample prepa-
ration steps required by the PCR-based tests, which may bring
significant clinical advantages.

The principle of operation of immunosensors consists of con-
verting the information associated with an immunochemical re-
action into a measurable signal proportional to the concentration of
the analyte. These biosensing devices employ an antibody or anti-
gen as a biorecognition element, which is usually immobilized on a
transducer surface [108,109]. Immunosensors can be classified as
electrochemical (alteration in electrical signal), optical (variation in
phase, polarization speed, or frequency of input light), or piezo-
electric (mass change), depending on the transducer employed
[110]. Although optical and piezoelectric immunosensors will not
be focused on the present report, notable achievements in the
utilization of these devices for the detection of viruses were
recently reviewed [111—113]. For example, a digital immunoassay
method, based on fluorescence images, was used for simultaneous
detection of the inactivated HIN2, HIN1, and H7N9 avian influenza
viruses at the single virus level [114]. Zuo et al. [115] have proposed
a reproducible and stable piezoelectric immunosensor for the
detection of the inactivated SARS-CoV in sputum with an analysis
time of ca. 2 min.

Electrochemical immunosensors for diagnosis of viral diseases
have attracted considerable attention due to the possibility of
miniaturization, cost-effectivity, operational simplicity, fast
response, high sensitivity, and specificity meeting the requirements
for the fabrication of point of care devices [116]. As can be seen in
Tables 2 and 3, different types of electrochemical immunosensors
for the detection of viruses have been reported, such as voltam-
metric, amperometric, impedimetric, and potentiometric. To
decrease the analysis time, Santos et al. [117] have proposed the
utilization of a redox capacitive transducer for the detection of
clinically relevant concentrations of dengue non-structural protein
1 (NS1) antigen and IgG antibody (anti-NS1) in a few seconds. In the
proposed method, data can be acquired in an optimized frequency,
without equivalent circuits fitting, offering advantages over the
traditional impedimetric approaches. The simple operation of the
device combined to the quick response of biosensors is a key
feature for aiding in the practical diagnosis of viral diseases.
Although its application in diluted serum (20%) shows an increase
in LOD (0.611 ng mL™') if compared to the values obtained in PBS
(0.220 ng mL™1), the clinically relevant concentration range of NS1
is still greatly appraised (15000 ng mL~!) [118].

The combination of immunoassays and commercially available
electrochemical biosensors presents an excellent potential for virus
detection in remote areas. In this sense, Taebi et al. [119] have
proposed a method for the diagnosis of hepatitis B using a personal
glucose meter. For the immunoassay, the authors immobilized
glucoamylase in a bioconjugate containing different concentrations
of two subtypes of the hepatitis B surface antigens (HBsAg), which
is composed of three structurally related envelope proteins of
hepatitis B virus [120]. After the immunoreaction, in the presence
of starch, glucose was produced, and a glucometer measured its
concentration. Therefore, it was possible to establish a linear rela-
tionship between the concentration of the target and the gluc-
ometer signal. The proposed method has a high potential for
diagnosis of hepatitis B, exhibiting LODs of 0.3—0.4 ng mL™! for the
subtypes “ad” and “ay”, respectively, which are acceptable based on
the LOD of 0.5 ng mL~! presented by Food and Drug Administration
of USA (FDA). It is noteworthy to mention that this work presents an
important advantage regarding its commerciability, as it makes use
of a widely available and inexpensive equipment for achieving a
sensitive analysis — the glucometer.

The biorecognition elements of electrochemical immunosensors



Table 2

Label-free electrochemical immunosensor for virus detection.

Virus Target

Chikungunya virus CHIKV-nsP3
antigen?®

Dengue virus DENV-NS1
antigen?®

DENV-NS1
antigen?®

anti-DENV-
NS1°

DENV2-NS1
antigen®
DENV-NS1
antigen?

DENV-NS1
antigen?

anti-DENV-
NS1P

DENV-NS1
antigen?

anti-DENV-
Ns1®

DENV-NS1
antigen?®

DENV-NS1
antigen?®

DENV-NS1
antigen?®

Hepatitis B virus ~ HBsAg®

Application Electrode Modifier Biorecognition Immobilization Technique Redox LOD Linear range Incubation Response Reference
element probe time time
Human Au SAM-MUA, MH anti-CHIKV-  Covalent, EDC/ EIS [Fe(CN)]*>” 8 ng mL ™! 25ng m~'-1 pg mL~! 90 min - [144]
serum nsP3 NHS coupling 4
samples
Human SPCE BSA anti-DENV-  Covalent, EDC/ EIS [Fe(CN)]*>” 0.3 ng mL~! 1-200 ng mL! 60 min - [271]
serum NS1 NHS coupling 4
samples
Human ITO SP:TMAP:PPD/ anti-DENV- Covalent, EDC/ DPV [Fe(CN)g]*” 5 ng mL ™! 5-4000 ng mL~" 45 min — [272]
serum AuNPs/PPD NS1 NHS coupling 4
samples
Bovine GCE pp-NHS/CNT  DENV2-NS1  Covalent, NHS EIS [Fe(CN)g>*’ 1002 gmL 'in 10 '*-10">gmL'in PBS, 30 min — [273]
blood coupling 4 PBS and plasma 10~''-107> in plasma
plasma
samples
- Au SAM-MUA DGV BP1 Covalent, EDC/ SWV [Fe(CN)g]*” 1.49 pg mL~! - 60 min - [147]
NHS coupling 4
Human SPCE PS/DA NS1 protein ~ Molecular EIS [Fe(CN)s]*>” 0.3 ng mL™! (1-200 ng mL™" - - [141]
serum MIP imprinting 4
samples
Human sera ITO MoS,/AuNP/  anti-DENV-  Covalent, EDC/ EIS [Fe(CN)g>’ 1.67 ngmL~'in  10°—10% ng mL™! 25 min - [274]
samples ITO NS1 NHS coupling 4 PBS, 1.19 ng mL~!
in human sera
Clinical SPE polymeric DENV-NS1 Adsorption EIS [Fe(CN)g]* — - 20 min — [275]
human films from 4-  protein 4
serum APA antigen
samples
Commercial Au SAM-PEG- anti-DENV- Covalent, EDC/ ECS/EIA Ferrocene ECS: 340 pg mL~! ECS: 1-5000 ng mL~! in 30 min 4 min [117]
human thiol-11Fc NS1 NHS coupling in PBS and PBS and 5—1000 ng mL~" (ECS)
serum 1200 pg mL~'in in diluted serum <4s (EIA)
diluted serum  EIA: 1-5000 ng mL~' in
EIA: 220 pg mL~! PBS and 1-1000 ng mL~!
in PBS and in diluted serum
611 pg mL~! in
diluted serum
Commercial Au SAM-PEG- DENV-NS1 Covalent, EDC/ ECS/EIA Ferrocene ECS: 231 pg mL~! ECS and EIA: 1- 30 min 4 min [117]
human thiol-11Fc protein NHS coupling in PBS and 1000 mL~" in PBS and, 10 (ECS)
serum antigen 6100 pg mL~'in —1000 ng mL~! in diluted <4s (EIA)
diluted serum serum
EIA: 393 pg mL™!
in PBS and
9500 pg mL~" in
diluted serum
PBS and Au SAM-16- anti-DENV- Covalent, EDC/ ECS Ferrocene 0.2 ng mL™! in 5-1000 ng mL~' in PBS 30 min — [222]
neat serum MDHDA-11-  NS1 NHS coupling PBS and and neat serum
biological FcC 0.5 ng mL~!in
samples neat serum
PBS and Au SAM-MUA, anti-DENV- Covalent, EDC/ EIS [Fe(CN)s]>” 3 ng mL™" in PBS 10—2000 ng mL~" in PBS 30 min - [222]
neat serum 6COH NS1 NHS coupling 4 and 30 ng mL~" in and 10—-1000 ng mL~! in
biological neat serum neat serum
samples
Human SPCE GO-Ru(I)/CS  anti-DENV- Protein-G Amperometry Ru(Il) 0.38 ng mL~! 1-10 ng mL~! 20 min <1 min [152]
serum NS1 affinity
samples interaction
— SPCE BSA anti-HBs Covalent, EDC/ EIS [Fe(CN)g]*>” 2.1 ng mL™! 5-3000 ng mL~! 45 min - [142]
4

NHS coupling
(continued on next page)
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Table 2 (continued )

Virus Target Application Electrode Modifier Biorecognition Immobilization Technique Redox LOD Linear range Incubation Response Reference
element probe time time
anti-HBc®  — GCE HAc—NH,-CNT HBcAg Covalent, EDC/ EIS [Fe(CN)g]*” 0.03 ng mL™" 1-6 ng mL™! 20 min — [131]
NHS coupling 4
HBsAg? Human Au GO[Fc-CS/ anti-HBs Adsorption DPV Fc-CS 0.1 ng mL™" 0.1 ng mL~'350 ng mL~! 15 min - [153]
serum AuNPs antibodies
samples
HBsAg? Human SPE GO[Fe304/ anti-HBs Adsorption DPV PB 0.00016 ng mL~! 0.5 pg mL~'-200 ng mL~! 40 min - [151]
serum PB@AuUNPs antibodies
samples
anti-HBc®  Human Au PTy—COOH HBcAg Covalent, EDC/ SWV PTy 0.89 ng mL™! 1.0-5.0 ng mL™! 15 min - [155]
serum —CNT NHS coupling
samples
Hepatitis C virus ~ HCV - Glass substrate, AuNP/ZnONR  anti-HCV Covalent, GA CV [Fe(CN)s]*>” 0.25 pg pL~! - - - [143]
antigen?® WE and CE: Au; coupling 4
RE: Ag
HCV Human GCE AgNPs/GQD-  anti-HCV Adsorption DPV Riboflavin 3 fg mL~! 0.05 pg mL™'- 30 min - [148]
antigen?® serum SH 60 ng mL mL!
samples
HCV Human GCE V,05 nanobelts anti-HCV Adsorption DPV Riboflavin 1.3 fg mL~! 10 fg mL~'-100 ng mL~! 35 min - [149]
antigen?® serum
samples
Human immune HIV-p24®  Human GCE MIPs/MWCNTs HIV-p24 MIP  Covalent, GA  EIS [Fe(CN)s]*>” 0.083 pgcm—3 1.0 x 10742 ng cm 3 10 min - [276]
deficiency virus serum coupling 4
samples
Influenza A virus ~ HIN1 Saliva ITO/glass TrGO anti-H1N1 Covalent, PBSE EIS [Fe(CN)g]*>” 26.04 PFUML 'in — — — [139]
antigen® samples linker 4 PBS and
33.11PFUmL " in
saliva
HA proteins — Dual SPCE GO-MB|/CS anti-H5N1-HA Protein-A DPV MB 9.4 pmol L' H1  25-500 pmol L~! 30 min <1min [150]
of H5N1 and and anti- affinity N1, 8.3 pmol L™
H1IN1 HI1N1-HA interaction H5N1
antigens?®
H1N1 virus — Au CA/rGO anti-HIN1 Covalent, EDC/ Amperometry [Fe(CN)s]>” 0.5 PFU mL™! 1-10* PFU mL™! Flow Flow [277]
antigen® microelectrode NHS coupling 4
Japanese JEV antigen® Human SPCE CNPs anti-JEV Covalent, EDC/ SWV [Fe(CN)g]*” 2 ng mL™! 5-20 ng mL™! 20 min — [278]
encephalitis serum NHS coupling 4
virus samples
JEV antigen® Healthy Pt PAni/MWCNTs anti-JEV Covalent, EDC/ Amperometry PAni 2 ng mL™! 2-250 ng mL~! 45 min 13s [154]
mouse microelectrodes NHS coupling
serum
Measles virus Anti- - GCE Unmodified  measles virus Adsorption LSV [Fe(CN)g]*>” 1.5 x 10> 1U 03-3 x 104IUmL™! 20 min [140]
measles GCE antigen 4 mL!
virus®
Anti- - GCE Functionalized Measles virus Covalent, GA LSV [Fe(CN)g>’ 93 x 106 IU  03-3 x 10°°IUmL™! 10 min — [140]
measles GCE antigen coupling 4 mL-1
virus®
Newcastle Disease NDV - Au Protein A IgY Covalent, GA CV [Fe(CN)s]* 10%9 EIDso mL~' 106-102 EIDso mL ™" 60 min - [145]
Virus antigen® coupling 4
NDV - Au SAM-TGA IgY Covalent, DDC/ CV [Fe(CN)g]*>” 10%67 EIDso mL~! 10°-102 EIDso mL™! 60 min - [145]
antigen® NHS coupling 4
Porcine Epidemic  PEDV Pig manure GCE AuNP/MoS,/  PEDV-2C11 Adsorption EIS [Fe(CN)g]*" — 82.5-1.65 x 10* TCIDs; 140 min ~ — [138]
Diarrhea Virus  antigen® samples rGO antibodies 4 mL~!
Rotaviruses rotaviruses — GCE AuNPs/SAM-  Rotavirus Covalent, GA  EIS [Fe(CN)s]*>” 2.3 PFU mL™" 4.6—4.6 x 10° PFUmML™" 60 min 55min  [279]
(RVs), CA antibodies coupling 4
rotavirus
antigen®
Zika virus Au (WE, PCB) anti-ZIKV-NS1 Adsorption cv 1.00 pg mL~! 0.1-100 ng mL™! 60 min — [146]
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Table 3

Sandwich-type electrochemical immunosensor for virus detection.

Virus Target Application Electrode Modifier Biorecognition Immobilization Label Technique Redox probe LOD Linear range Incubation Response Ref
element time time
Avian Leukosis Virus ~ ALV-J Avian serum GCE GR-PTCA  Ab;: anti-ALV-] Covalent, EDC/ Fc-AuNP-B-CD- DPV Ferrocene 1093 TCIDsq  10%°10*° TCIDsy 30 min - [156]
antigen® samples NHS coupling Ab2 mL~! mL~!
ALV-] Avian serum GCE rGO-TA- Abq: anti-ALV-] Covalent, cis- eZIF-Ab2-HRP  DPV HRP catalyzed 140 TCIDsg  152-10000 60 min — [166]
antigen® samples Fe304 diols in TA reduction of mL™! TCIDso mL ™!
with H,0,, HQ as
saccharides on redox
Abq mediator
ALV-] Avian serum GCE mpg-C3Ns  Ab;: anti-ALV-] Covalent, GA  Th-mpg-C3N4/ DPV Thionine 120 TCIDsy ~ 10%%8-104° 40 min - [157]
antigen® samples coupling Ab2 mL~! TCIDso mL™!
ALV-] - GCE GR-PTCA  Ab;: anti-ALV-] Covalent, EDC/ NC-Au-Ab2-ALP DPV ALP-catalyzed 10'%8 TCIDso 10%08-10%° 40 min - [164]
antigen® NHS coupling silver mL™! TCIDso mL™!
deposition
Enterovirus 71 EV71¢ Clinical samples ITO AuNPs/MA mADbD: anti- Covalent, EDC/ MBs-mAb-HPR Amperometry HRP catalyzed 0.1 ng mL~! 0.1 30 min — [165]
EV71 NHS coupling reduction of —6000 ng mL~!
H,0,, TBM as
redox
mediator
Hepatitis B virus HBeAg® Humanserum  GCE pGO@Au Ab;: anti- Adsorption Ab2-Au@Pd/ Amperometry Catalytic 26fgmL™' 0.1 fgmL'- 30 min - [169]
samples HBeAg MoS,@MWCNTs reduction of 500 pg mL~"
HzOz
HbsAg® Humanserum  GCE GO-CS Aby: Anti- Covalent, GA  Ab2/Fe304- DPV DNAzyme 60 fgmL™'  0.1-300 pg mL~! 30 min - [167]
samples HBsAg coupling AuNPs- catalyzed
DNAzyme/MB reduction of
HZOZ, MB as
redox
mediator
HbsAg® Human serum  GCE GO-CS Ab;: Anti- Covalent, GA Ab2-DNAzyme- DPV DNAzyme 10fgmL! 0.1 30 min - [167]
samples HBsAg coupling H-amino-rGO/ catalyzed —1000 pg mL~!
Au reduction of
HzOzv MB as
redox
mediator
HbsAg?® Human serum  Au Fe504 Abq: Anti- Covalent, EDC/ Ab2-MB-Au- SWv DNAzyme 0.19 pg mL~! 0.3 30 min — [168]
samples HBsAg NHS coupling DNAzyme catalyzed —1000 pg mL ™!
reduction of
HzOzv MB as
redox
mediator
HbsAg® Humanserum  GCE pGO/Au Aby: Anti- Adsorption MoS,@Cu,0 Amperometry Catalytic 0.15 pgmL™' 0.5 pg mL~!- 60 min - [170]
samples HBsAg —Pt/Ab2 reduction of 200 ng mL~!
H,0,
Hepatitis C virus HCV Human serum  SPCE Gr-IL-Fu/ Ab1: anti-HCV Adsorption CB/Ab2/ DPV CB 25fgmL™"  0.1-250 pg mL~! 35 min - [158]
antigen® samples RhNPs Nafion@TiO,
Influenza A H5N1 Chicken swab Au DTSP- Anti-H5N1 Protein-A Con A-MNPs cv ECC of Fes04 0.0022 HAU 0.0025-0.16 60 min - [171]
antigen® sample ProteinA- affinity to PB HAU
anti-H5N1 interaction
H7N9 — Au AuNP-G mADb: anti- C pAb-AgNP-G LSV AgNPs 16pgmL' 16 x1073- 30 min — [160]
antigen® H7N9 16 ng mL~!
H7N9 Chicken serum AuMA  AuNPs/mAb mAb: anti- Covalent, EDC pAb-bi-FMNs- LSV ALP-catalyzed 7.8 femL™! 0.01 30 min - [163]
antigen® and liver samples H7N9 coupling ALP silver —1.5 pgmL~!
deposition
HIN2 - ITO pAb-Au- pAb: anti- Covalent, mAb-FMCNs- LSV ALP-catalyzed 10 pgmL~' 0.1 30 min - [162]
antigen® MnO,/rGO  HIN2 COOH of ALP silver —1.000 ng mL~!
FMNCs with deposition
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amino groups

of mAb

[281]

160 s

60 min

Amperometry Catalytic HER 16 HAU

Covalent, EDC MNP-anti-M2-

coupling

anti- HON2

-M2

Allantoic cavity SPCE
of a 10-days old
pathogen free

HIN2

by AuNPs

HON9—AuNP

antigen?®

embryonated
chicken eggs

Influenza Human serum

virus®

[161]

30 min

ALP-catalyzed 0.76 pg mL™! 0.001

Ab;: anti- Adsorption Ab2/ALP/Pt- DPV

AuNPs

GCE

—60 ng mL~!

1-naphthol
production
AgNPs

pZnO-hemin

Influenza

samples

[159]

60 min

50—1600 IU

mL™!

LSV 50 IU mL™!

Cysteamine- TBEV antigens Covalent, GA Ab@AgNPs

GCCE

Biological fluids

Tick-Borne Encephalitis anti-

and antibodies coupling

GA-TBEV

TBEV®

Virus

Type of target:? viral protein, ® antibody, € whole virus. Ab1: primary antibody, Ab2: secondary antibory, ALV-J antigen: avian leukosis virus subgroup ] antigen, anti-ALV-]: anti avian leukosis virus subgroup J antibody, GCE:

glassy carbono electrode, GR-PTCA graphene-perylene-3,4,9,10-tetracarboxylic acid nanocomposite, EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, NHS: N-Hydroxysuccinimide, Fc: ferrocene, AuNP: gold nanoparticle,

B-CD: B-cyclodextrin, DPV: differential pulse voltammetry, rGO: reduced graphene oxide, TA: tannic acid, eZIF: zeolitic imidazolate frameworks, HRP: horseradish peroxidase, mpg-C3N4: mesoporous graphitic carbon nitride,

GA: glutaraldheide, Th: thionine, NC-Au: nanocellulose-Au nanocomposites, ALP: alkaline phosphatase, EV71 antigen: human enterovirus 71 antigen, ITO: indium tin oxide electrode, MA:, mAb: monoclonal antibody, pAb:

polyclonal antibody, mAb: anti-EV71: human anti enterovirus 71 monoclonal antibody, MBs: magnetic nanobeads, HBeAg: hepatitis B e antigen, anti-HBeAg: anti hepatitis B e antibody, HBsAg: hepatitis B surface antigen, anti-

HBs: anti hepatitis B surface antibody, anti-HBc: anti hepatitis B core protein antibody, pGO@Au: Au nanoparticles functionalized porous graphene oxide (pGO@Au), GO: graphene oxide, CS: chiosan, DNAzyme: hemin/G-
quadruplex DNAzyme, MB: methylene blue, HCV antigen: hepatitis C virus antigen, anti-HCV: anti hepatitis C virus antibody, Gr-IL-Fu: graphene/ionic liquid/fullerene nanocomposite, RhNPs: Rh nanoparticles, CB: celestine blue,

H5N1 antigen: influenza virus H5N1 antigen, anti-H5N1: anti influenza virus H5N1 hemagglutinin antibody, DTSP: dithiobis(succinimidyl propionate), Com A: concanavalin A, MNPs: magnetic nanoparticles, ECC: electro-
chemical conversion, H7N9 antigen: influenza virus H7N9 antigen, anti-H7N9: anti influenza virus H7N9 hemagglutinin antibody, AuNP-G: gold nanoparticle-graphene nanocomposite, AgNP-G: silver nanoparticle-graphene

nanocomposite, bi-FMNs: bifunctional fluorescence magnetic nanospheres, Au-MA: Au microelectrode array, HIN2 antigen: influenza virus HON2 antigen, anti-H9N2: anti influenza virus HON2 hemagglutinin antibody, FMCNs:

fluorescent-magnetic-catalytic nanospheres, anti-H9N2-M2: anti influenza virus HON2 M2 protein antibody, MNP: magetic nanoparticles, Pt-pZnO-hemin: nanohybrid of Pt-porous ZnO spheres-hemin.
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to an amine-functionalized surface. To improve the efficiency of the
covalent immobilization, the combination of EDC with NHS has
been employed, resulting in a more stable active intermediate,
Fig. 3B [134].

An example of the use of this strategy can be observed in the
work reported by Devarakonda et al. [133], which describes the
development of a paper-based immunosensor for the label-free
detection of influenza virus HIN1. A stencil-printed carbon elec-
trode was first modified with single-walled carbon nanotubes and
chitosan. Anti-influenza A antibodies were then immobilized on
the electrode by highly stable glutaraldehyde cross-linking. The
proposed device was effective for quantifying influenza virus using
DPV with a LOD of 113 PFU mL~ L. Among the several advantages
presented by the biosensor, it is noteworthy to highlight its high
temporal stability, which displayed a relative standard deviation of
only 4.4% after 15 days. This was attributed, in part, to the presence
of strong and stable covalent bonds between the electrode and the
receptors.

Although the covalent immobilization via glutaraldehyde or
EDC/NHS can improve the stability of the immunosensor, it usually
results in random orientation, due to the abundance of amino and
carboxyl groups well-distributed on the antibody surface. On the
other hand, stable covalent immobilization can be performed from
the selective reduction of the disulfide bonds present in specific
regions of the antibodies [135]. This allows reactive thiol groups to
be generated, allowing the oriented arrangement of the antibodies
[135]. Another possibility is the formation of reactive aldehyde
groups from the oxidation of hydroxyl groups of carbohydrates
moieties of antibodies. However, this activation process may
involuntarily oxidize amino acids present on the antibodies,
affecting the site-selectivity and antigen-binding capacity. Oriented
immobilization of the antibodies may also be achieved via specific
affinities interaction of proteins A and G with the Fc (fragment
crystallizable) domain of the antibodies. Although recent examples
of the use of this immobilization method for the electrochemical
detection of viruses were hardly found, it is worth mentioning that
an interesting study was published by Huy et al., in 2011 [44]. In this
paper, the authors have reported different techniques to immobi-
lize anti-japanese encephalitis virus antibodies in a silanized sur-
face, including direct covalent bonding, crosslinking, anti-IgG, and
protein A. The use of protein A presented the best analytical per-
formance, causing a two-to three-fold improvement in the elec-
trochemical signal of the antigen.

The immobilization of the biorecognition element is usually
followed by the incubation of the immunosensor with blocking
agents, such as bovine serum albumin (BSA), casein, and surfac-
tants. The utilization of these compounds can avoid non-specific
adsorption of interfering species that decreases the sensitivity of
the immunosensor, which is essential for its application in complex
samples.

4.2. Immunoassay designs

Electrochemical immunosensors can be categorized according
to the immunoassay format, into a label-free, sandwich (non-
competitive) and competitive immunosensors, as presented in
Fig. 4 (left).

4.2.1. Label-free electrochemical immunosensors

Label-free electrochemical immunosensors are widely used for
virus detection due to their simplicity, fast response, and the pos-
sibility of real-time monitoring (Table 2). Antibodies and antigens
are not commonly electrochemically active, thus a redox probe is
introduced into the electrolyte solution. The formation of the
antibody-antigen immunocomplex blocks the electron transfer
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between the transducer and the redox probe, changing the
analytical signal [136,137]. In voltammetric transducers, the peak
currents typically decrease with the increase of the concentration
of the analyte. In impedimetric immunosensors, the charge transfer
resistance typically increases upon the addition of the analyte.
Ferricyanide/ferrocyanide, [Fe(CN)g]> /47, is extensively used as a
redox probe in label-free immunosensors for virus detection
[138—147] due to its well-defined redox processes, reversible het-
erogeneous kinetics and stability in aqueous solution. Moreover,
the use of redox probes with low oxidation potential can minimize
or avoid interfering species, which is especially important for real
samples. For example, Valipour and Roushani have employed
riboflavin as a redox probe in a label-free immunosensor for
detection of hepatitis C core antigen protein (HCcAg), due to its
negative oxidation potential [148,149]. Nevertheless, other species
may also undergo electrochemical processes at —0.45 V vs. Ag/AgCl,
potential value at which riboflavin was detected, and the reduced
solubility of riboflavin in water may be a drawback to be overcome.

Since the electrochemical processes of the redox probe in so-
lution are diffusion-limited, strategies for its immobilization on the
transducer surface can benefit the performance of the immuno-
sensor. In this regard, Veerapandian et al. [150] have used methy-
lene blue (MB) as a redox probe for the development of a
voltammetric immunosensor for simultaneous detection of influ-
enza A HIN1 and H5N1 viruses. For multiplexed detection, the
authors have used SPE with two working electrodes modified with
graphene oxide, MB, and specific antibodies against the hemag-
glutinin proteins of HIN1 or H5N1. Upon the addition of the ana-
lytes, an insulating layer of the immune complex is formed,
creating a barrier toward the electron-transfer process at the
electrode interface. Therefore, the anodic current associated with
the oxidation of MB decreases with the concentrations of the
analytes. Limits of detection at the picomolar level were obtained,
9.4 and 8.3 pmol L~! for HIN1 and H5N1 antigenic hemagglutinin
proteins, respectively. The authors also found that chro-
noamperometry may be applied for the quick detection of targets,
which significantly increases the potential of the biosensor to be
applied in practical scenarios. Other electroactive compounds, such
as PB [151], ruthenium complexes [152], ferrocene [117,153], poly-
aniline [154], and polytryamine [155], have also been used as redox
mediators in label-free immunosensors for the detection of viruses.
However, the redox probe [Fe(CN)s]> /4~ has been preferred due to
its high water solubility, well known electrochemical behavior on
different electrodes, and low cost.

4.2.2. Sandwich-type electrochemical immunosensors

In sandwich-type format (Fig. 4B), after the immunochemical
reaction between the biorecognition element (primary antibody)
and the analyte (antigen), a labeled secondary antibody is added.
Thus, the formation of the sandwich complex results in an elec-
trochemical signal proportional to the concentration of the analyte.
Several labels, such as electroactive compounds, enzymes, and
electrocatalysts have been employed for the fabrication of
sandwich-type immunosensors for virus detection, as presented in
Table 3. The use of such labels commonly increases the biosensors
complexity and associated costs but also improves its analytical
performance when compared to a similar label-free design.

Among the electroactive compounds, ferrocene [156], thionine
[157], and celestine blue [158] were used in voltammetric immu-
nosensors. To improve the performance of the immunosensor, the
electroactive compounds are often combined with carbon-based
materials or metallic nanoparticles. Khristunova et al. [159]
employed electroactive silver nanoparticles (AgNPs) as a label for
the fabrication of an immunosensor for the detection of antibodies
against tick-borne encephalitis virus. Huang et al. [160] have used a
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label of AgNPs/graphene nanocomposites for the detection of
picomolar concentrations of inactivated avian influenza virus
H7NO. In this case, the AgNPs act as a redox probe, while graphene
was used for signal amplification due to its high electrical con-
ductivity, surface-to-volume ratio, and electron transfer rate. The
sensitivity achieved by the developed method, however, was not
superior to the traditional ELISA method, presenting low practical
advantages.

Enzymatic labels can be used in two different approaches for the
generation of the analytical signal. In the first one, enzymes are
employed for the production of electrochemically active com-
pounds. For example, alkaline phosphatase (ALP) enzyme catalyzes
the conversion of 1-naphthyl phosphate into electroactive 1-
naphthol (1-NP), Fig. 4D. Therefore, the electrochemical signal
generated from the oxidation of 1-NP can be employed to deter-
mine the concentration of the analyte. A signal amplification
strategy for influenza antigen detection was reported by Yan et al.
[161]. The authors have applied an ALP label containing porous zinc
oxide functionalized with platinum nanoparticles and hemin,
which catalyzes the oxidation of 1-NP in the presence of H,0,. ALP
enzyme is also employed for the catalytic deposition of electro-
active metallic silver, as shown in Fig. 4E. In the presence of ALP, L-
ascorbic acid-2-phosphate (AAP) or p-aminophenyl phosphate
(APP) is converted into ascorbic acid (AA) or p-aminophenol (AP),
respectively. Then, AA or AP can reduce AgNOs, producing metallic
silver on the surface of the immunosensor [162—164]. The device
presented a sub-picomolar LOD (0.76 pg mL~!) and adequate per-
formance in a 10% human serum samples. Furthermore, at least 90%
of its original electrochemical signal was maintained after 25 days
of storage at 4 °C, which is essential for commercialization
purposes.

In the second approach, enzymatic labels, such as HRP, are used
in the presence of a redox mediator. As can be seen in Fig. 4F, HRP
catalyzes the oxidation of redox mediator in the presence of H,0».
Then, the analytical signal, associated with the reduction of the
oxidized mediator, increases with the concentration of the analyte.
The redox mediators TMB (3,3’,5,5'-tetramethylbenzidine) and
hydroquinone were utilized in immunosensors for the detection of
inactive human enterovirus 71 [165] and the whole avian leukosis
virus subgroup J [166] in avian serum samples, respectively.

Since peroxidase mimetics are more stable and present lower
costs if compared to HPR, their use as labels in immunosensors is
attractive. Among the possibilities, hemin/G-quadruplex HRP-
mimicking DNAzyme has been used in electrochemical immuno-
sensors, employing methylene blue as a redox mediator. These
immunosensors have shown satisfactory stability, reproducibility,
and selectivity for hepatitis B virus surface antigen. Limits of
detection in the femtomolar range can be achieved and the bio-
sensors can be applied for the determination of HBsAg in spiked
human serum samples [167,168].

Additionally, labels of electrocatalysts materials are promising
alternatives to HRP labels due to the possibility of direct electron
transfer to the transducer surface. Thus, the immunoassay can be
performed without redox mediators [169]. For example, Li et al.
[170] have proposed a nanohybrid label of molybdenum disulfide,
cuprous oxide, and platinum nanoparticles (MoS,@Cu,0—Pt), due
to their electrocatalytic activity towards the reduction of Hy0;
(Fig. 5A). The complex was then applied for the precise quantifi-
cation of the hepatitis B surface antigen through a sandwich-like
structure with glassy carbon electrodes (GCE) modified with
porous graphene oxide, Au composites, and specific antibodies
(Fig. 5B, C, and D). A LOD of 0.15 pg mL~! was obtained, and the
immunosensor was effectively applied for quantitative detection of
the antigen in human serum samples. This biosensor presents
considerably lower LOD than the one produced by Taebi et al. [119]



L.C. Brazaca, PL. dos Santos, P.R. de Oliveira et al.

Analytica Chimica Acta 1159 (2021) 338384

Electrode

NMH

NWNY

Electrode

w >
“
z
&
b o
(o]
l —
T

N
NHE
? NHS
ci
N + .
/ SNH
7

Electrode
Electrode

O-acylisourea

NH2—|

—

(o]

o§©

o

N / \{
NH—

o7

A

o

Electrode
Electrode

Amine-reactive
NHS-ester

Y Antibody

Fig. 3. Schematic illustration of antibody covalent immobilization of (A) a carboxyl-functionalized surface activated with EDC/NHS, and (B) an amine-functionalized surface

activated with glutaraldehyde.

(previously discussed) for the same virus (0.3 ng mL~! 0.4 ng mL™!
for subtypes “ay” and “ad”, respectively). Both biosensors, however,
present acceptable LODs based on the value defined by the Food
and Drug Administration of USA (FDA) (0.5 ng mL™!), with the
biosensor developed by Taebi et al. [ 119] presenting advantages due
to its simple application and for using a widely available instrument
for the measurements, a glucometer.

Another strategy for the generation of electrochemical signals in
immunosensors is based on the use of self-sacrificial labels. An
example was reported by Zhang et al. [171], who proposed an
electrochemical conversion (ECC) method for the production of
Prussian white (PW) from a label of Fe304 magnetic NPs. The
cathodic current associated with the reduction process of PB to PW
was adopted as the analytical signal and shown to be proportional
to the concentration of influenza virus H5N1 [172]. The developed
method exploits an interesting mass transport mode, promoting
surface generation-confinement in with greater production effi-
ciency than conventional approaches. The biosensor also presented
good sensitivity and a LOD of 0.0022 HAU, which is one of the
lowest ones presented in this work for influenza virus. It is
important to notice that such approaches brings opportunities for
the development of new and improved similar electrochemical
approaches in the near future.

4.2.3. Competitive electrochemical immunosensors

In competitive electrochemical immunosensors, labeled and
free biomolecules compete for a limited number of binding sites,
which are usually immobilized on a transducer surface. Due to the
problems associated with the random orientation of the antibodies,
immobilization of the antigen is the most frequently used strategy.
In this case, the immobilized antigen usually reacts with the labeled
antibody in competition with the free antigens (Fig. 4C) with the
analytical signal decreasing upon the increase in the concentration
of the free antigen in the sample. It is important to notice that the
competitive approach is especially interesting for the detection of
small molecules that do not support sandwich assays or do not
produce relevant signal changes in label-free strategies.

Regarding their application in the diagnosis of viral diseases,
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Mandli et al. [173] have proposed a competitive amperometric
immunosensor for hepatitis A virus antigen detection obtained
from AVAXIM vaccine, which contains the inactivated virus [174].
After the competition between the immobilized antigen and the
free antigen for the primary antibodies, secondary antibodies
labeled with HRP were added. Hydroquinone was employed as a
redox mediator for the generation of the analytical signal. There-
fore, in the presence of H,0,, the amperometric signal decreases
with the increase in the concentration of the virus. Although pre-
senting slightly higher complexity, the developed sensor presented
lower LODs than indirect ELISA. However, the detection of hepatitis
A virus antigen in real samples was only reported in spiked tap
water, creating doubts regarding its clinical application.

Recently, a competitive voltammetric immunosensor was
described for the determination of coronaviruses (CoV), with an
analysis time of 20 min [175]. Since the proposed immunosensor
array chip contains eight working electrodes, multiplex detection of
different types of CoV can be performed. The immunosensor was
applied in the determination of the spike protein S1 of the Middle
East respiratory syndrome coronavirus (MERS-CoV) and the
nucleocapsid protein N of human coronavirus (HCoV). The free
antigen in the sample competes with the immobilized antigenic
proteins of CoV for a fixed concentration of the antibody (anti-
MERS-CoV or anti-HCoV) added to the sample. Then, in the pres-
ence of the redox probe [Fe(CN)g]> /4, the cathodic peak current
decreased with the increase in the concentration of the HCoV and
MERS-CoV antigen. Limits of detection of 0.4 and 1.0 pg mL™' were
obtained for HCoV and MERS-CoV antigens, respectively. The pro-
posed immunosensor was successfully applied in spiked nasal
samples, confirming its high potential for a rapid and multiplex
detection of coronaviruses. It is also important to highlight that its
multiple working electrodes allow great practical applicability,
allowing the simple and quick differenciation between viral strains.

4.24. Lateral-flow assays

Lateral flow immunoassays (LFIs) are one of the most used point
of care diagnostic technology, presenting simple construction and
manipulation, low operational costs, versatility, portability, small
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oxidation of the redox mediator.

sample volume requirements, long-term stability, and quick
response as advantages when compared to traditional assays
[176—178]. LFIs have been widely used for the detection of bio-
markers for diagnosing infectious diseases and for the detection of
viruses, such as dengue [179—182], Zika [183], Ebola [184,185], HIV
[186], HPV [187], pseudo-rabies [188], hepatitis [189—191], infec-
tious bronchitis and respiratory syncytial virus [192,193] (Table 4).
In recent years, several works have also reported the determination
of different types of avian influenza A by LFI [194—198].

LFIs are typically based on a sandwich strategy and are
composed of four individual zones (sample pad, conjugate pad,
detection pad, and absorbent pad) overlaid and assembled on an
inert platform (Fig. 6). The LFI principle is based on the ability of the
sample to flow through the capillary strip and on the specific
antigen-antibody interaction promoted by the biorecognition
element immobilized in the detection pad. For this, the sample is
dripped on the sample pad and allowed to flow freely to the
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conjugate pad. The conjugate pad contains a labeled biomolecule
conjugate (antigen or antibody, depending on the target), allowing
the virus immunocapture. The complex then flows to the detection
pad, which is usually composed of a nitrocellulose membrane with
specific antigens (for antibody detection) or antibodies (to virus/
protein detection) immobilized on its surface. The continuous
sample flow is guaranteed by the presence of an absorbent pad at
the end of the strip. Cellulosic, glass fiber and paper-based sample
pads have been reported as porous membranes for virus detection.

The detection of the virus in a sample can usually be performed
by the naked eye due to the application of colorful labels. Com-
mercial colorimetric LFIs are currently common and appraise the
direct analysis of saliva, urine, and other biological fluids for
assessing pregnancy or diagnosing viral diseases, such as HIV and
COVID-19. AuNPs are the most common label used due to their high
stability, biocompatibility, excellent optical properties, and the red
color easily observed in the final results [200,201]. However, latex
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beads [202], gold colloids [184,197], quantum dots [183,189,196],
gold-silver core-shell NPs [188,198], europium [203], and AgNPs
[204] are also explored in the literature. These species can be used
not only as labels but also to improve the biological material
immobilization or interaction as well as the detection sensitivity
and reproducibility [176]. Also, quantum dots present unusual
fluorescence/luminescence characteristics, allowing their easy
detection. LFI devices can also have their advantages enhanced by
coupling to different detection methods, such as chromatography
[186], near-infrared fluorescence [180], indirect fluorescence/
luminescence [189,196], surface-enhanced Raman scattering
(SERS) [188,198], and electrochemical detection [163,181,182,205].

Regarding electrochemical detection, Sinawang et al. [182]

Cu,0@Mos,

Cu,0@MosS ,-Pt
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developed an interesting LFI coupled to SPAUE for the detection and
quantification of the dengue NS1 protein. Gold nanoparticles with
anti-NS1 antibodies conjugated to ferrocene were applied to elec-
trochemically detect the desired target. A different electrochemical
LFI was developed by Sinawang et al., in 2018 [181]. In this case, a
miniaturized LFI based on 4-amino-2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-tagged AuNPs for an amperometric point-of-care
dengue NS1 protein detection was described. The authors used
thiolated polyethylene glycol (PEG-thiol) to stabilize the AuNPs and
as an anchor for the conjugation of antibodies and redox species.
The assay provided rapid results (less than 30 min) and was able to
capable quantify dengue NS1 protein. In this case, the low sample
volume may be an advantage if compared to traditional assays,
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Fig. 5. Detailed construction of sandwich immunosensor using (A) MoS,@Cu,0—Pt/Ab, and (B) GCE/GO-Au/Ab,. (C) Amperometric response obtained with different concentrations
of hepatitis B surface antigen, and (D) its corresponding calibration curve. (Reprinted with permission from Li, F. et al. Facile synthesis of MoS2@Cu20—Pt nanohybrid as enzyme-
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especially regarding low resource settings.

Bhardwaj et al. [205], in this turn, developed an innovative
vertical LFI for the detection of influenza virus that combined both
optical and electrochemical methods. In this work, a different pore
size membrane was applied as a sample pad, allowing uniform
flows to be achieved for the efficient HRP-labeled anti-HA anti-
bodies interaction with the target. The detection was subsequently
performed through the use of EIS (for electrochemical detection)
and a scanner (for colorimetric detection). The immunosensor
allowed the rapid (6 min) and sensitive electrochemical and
colorimetric detection of influenza H1N1 virus in saliva samples.
Both colorimetric and electrochemical techniques presented
similar LODs in saliva (1.34 and 3.3 PFU mL—1, respectively), and
adequate performance for the direct analysis of saliva and nasal
secretions - as the infectious dose of HIN1 in these secretions range
from 103 to 105 TCID50 mL—1 [206].

It is important to mention that the typical analytical parameters
currently achieved by the electrochemical LFIs for viral detection
are similar to the ones obtained by optical detection. Optical bio-
sensors, however, commonly rely on simpler instrumentation (e.g.,
smartphones or the naked eye) and are easier to use. Advantages
regarding the use of electrochemical LFIs are mainly related to
greater reproducibility in a variety of conditions, such as lighting,
and greater quantification precision, which is important to deter-
mine the extension of an infection, for example. New and improved
electrode fabrication and modification techniques, and labeling
methods hold great promises for such devices soon.

5. Biomarkers for viral diseases diagnosis

Besides the identification of the pathogen itself or the antibodies
related to it, the detection of specific biomarkers is a valuable tool to
assist in the diagnosis of viral diseases and their complications.
According to the Biomarkers Definition Working Group, biomarkers
correspond to “a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, patho-
genic processes, or pharmacologic responses to a therapeutic
intervention” [207]. It can be related to biochemical, cellular, mo-
lecular alterations in biological systems, and includes tools and
technologies for understanding the prediction, diagnosis, and other
aspects of a disease treatment [208,209]. In this section, we will
focus on specific biomolecules that present altered concentrations
due to the occurrence of a viral disease.

One of the first steps to follow when a patient presents an
infection is to determine its origin, allowing adequate treatment. In
this sense, biomarkers for different diseases are already known,
including C-reactive protein (CRP), procalcitonin (PCT), and proa-
drenomedullin [210,211], and they are essential to distinguish be-
tween bacterial and viral infections. A study performed by Yusa and
coworkers [212] have shown the set of interleukins (IL) IL-4, IL-8,
IL-10, IL-12 and tumor necrosis factor-alpha (TNF-¢.) might be
suitable biomarkers for infections and that IL-2, IL-8 or IL-10 pre-
sent the potential to distinguish between bacterial and viral in-
fections, being great tools for assisting in precise diagnosis,
increasing the chances of treatments success.

Sharma et al. [213] have described the development of a label-
free electrochemical biosensor for the detection of human IL-8 in
full serum. To perform the specific detection of the target, a small,
robust, and synthetic capture protein based on a cystatin scaffold
was immobilized onto gold electrodes using a monothiol-alkane-
poly(ethylene glycol) (PEG) acid self-assembly monolayer (SAM)
and EDC/NHS. Then, changes in the phase were measured using EIS,
allowing the sensitive detection of IL-8. Such devices, therefore,
could significantly aid in the differentiation of bacterial and viral
infections. It is important to mention that, although different
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studies show the potential of IL-8 as a biomarker for various dis-
eases, large-scale studies that validate its accuracy and outcome are
needed. Currently, IL-6 is more commonly applied in clinical
diagnosis, acting as a marker of immune system activation [214].

Another biomarker that can aid in the distinction between
bacterial and viral infections is the C-reactive protein (CRP). Ac-
cording to a study developed by Sasaki et al. [215] the protein
usually displays significantly altered levels during bacterial in-
fections, remaining in normal concentrations during viral ones.
Currently, CRP is commonly used in clinical diagnosis both to detect
inflammation due to acute conditions or to monitor chronic dis-
eases [216]. Dong et al. [217] recently developed a new electro-
chemical immunosensor based on an ionic liquid and ZnO/porous
carbon matrix composite for the detection of CRP in human serum
samples. DPV technique was used for the precise quantification of
CRP.

Hafaiedh et al. [218] also developed an electrochemical
biosensor for the detection of CRP. In this case, two different
immobilization methods for anti-CRP antibodies were proposed,
being one based on the simple physisorption of the antibody on a
gold electrode surface, and the other based on oriented anti-CRP
antibody immobilization using protein G as an intermediate layer.
The authors performed the detection of the protein directly in
human plasma, using EIS, validating the developed device for
possible clinical use. In comparison to the previous work, Hafaiedh
and collaborators presented a more sensitive immunosensor
probably due to the organization of the receptors.

Regarding dengue fever, NS1 (non-structural protein 1) is one of
the most applied biomarkers for its diagnosis due to its specificity
and sensitivity. When the dengue virus infects patients, NS1 is
secreted into the bloodstream in the first days of infection, allowing
its simple identification using serum samples during the acute
phase of the disease [219]. Several publications in the literature
relate the suitability of this biomarker [220—222] and, although
PCR-based methods are currently the most common techniques
applied for the clinical diagnosis of the disease, NS1-based rapid
tests are also used [223].

A significant number of biosensors for the rapid and straight-
forward determination of NS1 can be found in the literature. For
example, Lim et al. [221] have developed a label-free electro-
chemical biosensor for the quantification of NS1. To identify affinity
peptides that can bind to the biomarker, a polyvalent phage display
was applied. Afterward, cyclic voltammetry (CV) and EIS were
applied to quantify the protein. The developed sensor presented
specificity towards NS1 when compared to BSA. The LOD presented
by the device (1.49 pg mL™"), however, did not cover the full range
of concentration of NS1 found in primary (0.04—2.00 pg mL~!) and
secondary (0.01—2.00 pg mL~!) infections [118], limiting its clinical
applicability.

Figueiredo et al. [219] have also described a label-free electrical
NS1 biosensor for the early diagnosis of dengue. For that, the au-
thors used, for the first time, egg yolk immunoglobulin as a bio-
recognition element. Comparing the proposed system to the one
previously presented [221], there are advantages regarding specific
clinical applications. The first one is related to the simple electrical
instrumentation required for the measurements, which can be
miniaturized and transported to perform the diagnosis in situ,
allowing quick medical decisions. Furthermore, the LOD achieved
by the biosensor is about 16 times lower than the one presented by
the similar electrochemical system [221], covering a greater portion
of the usual concentrations of NS1 found in plasma. Lower LODs
however, must be achieved to provide tests with low false-negative
rates. This could be performed with the use of signal amplification
techniques or by approaching the antibody recognition sites from
the electrodes.
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Table 4
Summary of the Lateral Flow Immunoassays (LFI) reported for the detection of different viruses.
Viruses Assay Sample type Detection (Time) LOD Ref.
Dengue Recombinase polymerase DENV-1, -2, -3, -4 RNA serotypes in human serum  Colorimetric 10 copies/RNA molecules [179]
amplification combined with lateral ~ from infected patients
flow dipstick
LFI combined with near-infrared Anti-DENV-1 IgG antibodies® in human serum from Near-infrared - [180]
fluorescent infected patients fluorescence
Electrochemical lateral-flow dengue NS1 protein® in buffer Electrochemical 0.5 ng mL~! [182]
immunoassay
Electrochemical lateral-flow dengue NS1 protein® in human serum samples Electrochemical 50 ng mL~! [181]
immunoassay
Zika LFI based on quantum dot ZIKV NS1 protein? in spiked human serum Fluorescence 0.15ng mL™! [183]
microspheres (20 min)
Ebola LFI based on RT-PCR EBOV glycoprotein and nucleoprotein® in human Colorimetric — [184]
plasma and oral swab
LFI based on Fe304 magnetic EBOV antigen® in human serum samples Colorimetric 1.0 ng mL™! [185]
nanoparticles (30 min)
HIV Commercial Daina Screen Combo and HIV-1/2 antibody and HIV-1 p24 antigen® in human Chromatography 200 copies mL™" [186]
Architect Combo assays blood (18.8—19.3 days)
HPV Magnetic immunochromatographic HPV E6 antigen® in cervical swab Colorimetric - [187]
strip with PDZ ligands
Pseudo-rabies LFI based on SERS PRV antigen® in pig tissues and gE-deleted vaccine Raman 5ng mL™! [188]
spectroscopy
(15 min)
Hepatitis B Luminescent quantum dot-beads HBsAg® antigen in human serum Luminescence 75 pg mL~! [189]
sandwich
Hepatitis C LFI based on up-converting Anti-HCV antibodies® in human serum Colorimetric - [191]
nanoparticles
Bronchitis and Multiple reverse-transcription LAMP  Simultaneous IBV and NDS RNA in tracheas and lungs Electrophoresis 10°8 and 10%7 RNA [192]
Newcastle and lateral flow dipstick tissues, oral and cloacal swabs copies/reaction (IBV and
disease virus NDV)
Respiratory Recombinase polymerase RSV-A and RSV-B RNA in nasopharyngeal aspirates  Colorimetry 10 copies RNA/assay [193]
syncytial amplification combined with lateral ~ from healthy and sick people (respiratory diseases)
flow dipstick
Avian influenza A LFI based on near-infrared (NIR)-to-  AIV nucleoproteins® in avian stool Photoluminescence 102 and 10> EIDsq [194]
NIR upconversion gold nanoparticles (20 min) mL~! (H5N2 and H5N6)
LFI based on sandwich-type aptamers AIV H5N2 antigen® in ducks feces Visual 1.27 x 10° EIDso mL~! [195]
using graphene-oxide
LFI based on label-free quantum dots AIV antigen® in serum samples from infected chicken Fluorescence 0.09 ng mL™! [196]
RT-RPA with lateral flow dipsticks H1 and H3 hemagglutinin genes in throat swabs Colorimetric 677.1 and 112.2 copies/ [197]
reaction (H1 and H3)
LFI based on SERS AIV H7N9 hemagglutinin® in poultry organs, cloacal Raman 0.0018 HAU [198]
and throat swabs spectroscopy
(20 min)

Type of target: ®viral protein, antibody,‘whole virus.

Considered by the World Health Organization (WHO) as a global
epidemy, AIDS/HIV has already affected 76 million people and
caused 33 million deaths [224]. As HIV infects the cells of the im-
mune system, primarily CD4 lymphocytes, the decrease of its
plasma levels is an important clinical parameter for AIDS diagnosis
and for assessing the stage of the disease. Carinelli et al. [225]
developed a magneto electrochemical immunosensor for the rapid
lymphocyte T CD4" count in the blood. Two different antibodies
were added to the sample: an anti-CD3 antibody, conjugated to
magnetic particles, and a biotinylated anti-CD4 antibody. When in
the presence of the desired lymphocyte, both antibodies were
attached to the cell surface. The addition of a streptavidin-HRP
reporter and the pull-down of the cells to the surface of the
working electrode was then performed, allowing the precise elec-
trochemical quantification of the target. The developed device
presents great potential to be used in clinical diagnosis as it can be
applied directly to whole blood, besides being able to detect the
whole range of clinical interest for AIDS diagnosis and follow up
(89—912 cells pL~!, with an LOD of 44 cells pL~!). Combining its
outstanding analytical performance with the possibility to perform
measurements using simple instrumentation, the technique offers
great advantages over the gold standard flow cytometry method. It
still requires, however, the performance of several steps by a
specialized worker for its adequate functioning.
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Still regarding the quantification of CD4™ T cells, Kim et al. [226]
have developed an immunosensor based on a two-step O, plasma
treatment of single-wall carbon nanotube (SWCNT) modified
electrodes and covalent immobilization of anti-CD4 monoclonal
antibodies. With CD4™ T cells being detected by SWV, the immu-
nosensor presented a LOD (100 cells mL~!) considerably lower than
the one reported in the previous work [225] (44 cells pL~!). How-
ever, the device was tested using single cells obtained from mice
spleens dispersed in the buffer and there is no evidence of its
performance in whole blood. Furthermore, the two steps of O,
plasma treatment need to be performed 35 days apart to avoid the
physical destruction of SWCNTs, making the construction of this
immunosensor extremely time demanding.

Biomarkers can also be useful for differentiating mild from se-
vere cases of viral diseases. Dengue virus infection, for example, can
present a vast spectrum of clinical manifestations, ranging from
asymptomatic conditions to dengue hemorrhagic fever and dengue
shock syndrome, which can lead to death. Therefore, the determi-
nation of the initial stage of dengue hemorrhagic fever is of great
importance to determine the adequate therapies and significantly
improves the chances of recovery of patients. John et al. [227]
published a review on this topic and stated that severe dengue
biomarkers include, among others, T and B cell activation and
apoptosis and cytokine storms.



L.C. Brazaca, PL. dos Santos, P.R. de Oliveira et al.

® Sample

2
B )
/7‘ .=d 2l
Sample Conjugate Test Absorbent
zone zone zone zone

B \.;y\
}\{—P

T
Y

-

C ﬁuY

D

Z///Screen-printed

electrodes
® Analyte | Antibody * Label =—J» Flow

Fig. 6. Detailed mechanism of a sandwich LFI (Reprinted with permission from Liu, B.
et al. Paper-based electrochemical biosensors: from test strips to paper-based micro-
fluidics. Electroanalysis. 26, 1214—1223, © 2014 WILEY-VCH [199]).

Baraket and coworkers [228] reported a fully integrated elec-
trochemical platform for multiple cytokines detection (IL-10 and IL-
1b). First, anti-human IL-1b and anti-human IL-10 monoclonal
antibodies were attached to 4-carboxymethyl aryl diazonium
(CMA) through the use of EDC and NHS crosslinkers. Then, the
diazotization of CMA was performed, allowing its immobilization
onto the gold working electrodes by the application of repetitive CV
cycles. The detection of ILs was then performed using EIS. The
platform displayed high sensitivity and specificity, presenting no
interference by other cytokines, and was able to detect the targets
in a 1-15 pg mL~! range. The described device can significantly
lower the total analysis time and can be used by physicians to
identify an increase in IL secretion, aiding in the identification of
cytokine storms and, therefore, in severe dengue cases, for
example. As previously cited, although different IL are indicated as
biomarkers by recent studies, IL-6 is the only one currently being
used for the clinical diagnosis of diseases [214].

The above-cited devices exemplify how biomarkers-based
detection can significantly aid in the diagnosis and treatment of
viral diseases. Its rapid, low-cost, and simple responses can
dramatically increase the accessibility and response rates,
improving the clinical treatment of the affected patients and
allowing quick practical decision making.
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6. Methods and devices for COVID-19 diagnosis

The understanding of the structural and genomic features of the
SARS-CoV-2 has a crucial role in the investigation of its origin [229],
mechanism of receptor recognition [230], mutations, and genetic
recombination [231,232]. Furthermore, the knowledge concerning
the SARS-CoV-2 virology and the pathogenesis of COVID-19 can
guide therapeutic strategies, the development of vaccines
[233,234], and the identification of biomarkers, opening up the
possibilities of diagnostic tests.

The SARS-CoV-2 is a spherical virus with a diameter ranging
from 60 to 140 nm [235], containing positive-sense and single
strands of RNA, enveloped with a crown-like structure of spike (S)
glycoproteins. Besides the S proteins, the virus is also structurally
composed of the envelope (E), membrane (M), and nucleocapsid
(N) proteins, as shown in Fig. 7.

Once the viral genome of SARS-CoV-2 is sequenced, the ORF1ab,
RNA-dependent RNA polymerase (RdRp), E, N, and S genes can be
employed as targets in the PCR-based diagnostic kits for COVID-19.
Currently, different PCR-based kits are commercially available for
use and their evaluation is essential not only to compare each
product but also to further improve their performance. Based on
this, comparative studies have evaluated the performance of
commercially available RT-PCR tests for COVID-19 [237,238]. For
example, Nalla et al. [237] have compared seven different RT-PCR
kits and reported superior sensitivities of the assays proposed by
Corman et al. [237] and the CDC (Centers for Disease Control and
Prevention) [239], which target the E-gene and the N2 region of the
N-gene of SARS-Cov-2, respectively. The E-gene primer-probe sets
can detect both SARS-CoV and SARS-CoV-2. On the other hand, the
commercial kits based on the ORFlab, RdRp, N, and S genes targets
do not exhibit cross-reactivity towards other respiratory corona-
viruses, such as human coronavirus (HCoV) NL63, HCoV-OC43,
HCoV-229E, SARS-CoV-1, and MERS. Also, a PCR efficiency above
96% was found for all different commercial assays [238].

The genetic material of the virus can also be detected by geno-
sensors, as presented in section 2. For the SARS-CoV-2, Qiu et al.
[240] have reported the use of the RdRp, ORFlab, and E genes as
target analytes in plasmonic photothermal genosensors. The
analytical signals result from the hybridization process between the
genes and their complementary cDNA sequences. Since the signals
were proportional to the physical length and molecular weight of
the genes, the strongest and the lowest responses were obtained
for the sensors of the ORF1ab and the E sequences, respectively. The
sensor of the RdRp gene presented a LOD of 0.22 pmol L~ and
could discriminate similar biomarkers from SARS-CoV-2 and SARS-
CoV. The complex instrumentation required for adequate mea-
surements, however, is a major drawback for its practical
applications.

In contrast to the RNA-based methods, the ELISA tests, point of
care LFI, and immunosensors employ the proteins of the virus as
biomarkers. In this sense, the diagnosis of COVID-19 can be per-
formed by measuring the antibodies, IgM and IgG, produced in the
host as an immune response to viral proteins. Another possibility is
the utilization of these antibodies as biorecognition elements in
biosensors. Therefore, the virus can be directly detected by the
specific interaction of its proteins with the antibodies immobilized
on the transducer surface.

Among the proteins of SARS-CoV-2, the N and S glycoproteins
are abundantly expressed during the infection and highly immu-
nogenic, which makes them suitable for utilization as biomarkers in
the diagnostic tests. Several commercial immuno-based assays
have received emergency authorizations due to the COVID-19
pandemic situation. However, caution is advised regarding the
applicability and validation of such tests. For example, the use of
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some lateral flow assays has been questioned due to the lack of
validation related to its sensitivity and specificity [241].

Liu et al. [242] have compared the performance of ELISA kits
based on N and S proteins for the detection of IgM and IgG anti-
bodies. The study was performed with 214 COVID-19 patients. The
positive rates of the N-based and S-based tests for the detection of
antibodies were 80.4% and 82.2%, respectively. The higher sensi-
tivity of S-based tests can be associated with the earlier response to
the S antigen than the N antigen in patients with COVID-19 [243].
One of the drawbacks associated with the N-based ELISA tests is the
possibility of false-positive results because the nucleocapsid pro-
teins of the human coronaviruses are highly homologous, e.g., the
SARS-CoV-2 N protein is 90% similar to SARS-CoV N protein [244].

On the other hand, the S protein, which is responsible for
recognizing host cell receptors [245], shares ca. 76% amino acid
identity with the SARS-CoV. Since the S protein contains two sub-
units, S1 and S2, different S-based ELISA tests can be performed. In
this regard, Okba et al. [246] have compared the use of the S protein
and the S1 subunit as antigens in ELISA tests. Among them, the S1-
ELISA presented higher specificity to the SARS-CoV-2 antibodies.
Possibly, this finding can be associated with higher conservation of
the S2 subunit of the SARS-CoV-2, resulting in cross-reaction with
the S antibodies of the MERS-CoV. Furthermore, the S1 subunit
mediates the cell attachment and contains four domains, including
the receptor-binding domain (RBD), which is the most variable part
of the coronavirus genome [229] and the principal target of the
antibodies that neutralize SARS-CoV-2 [247].

Regarding electrochemical detection, Vadlamani et al. [248]
reported an electrochemical biosensor for the detection of SARS-
CoV-2 through the spike RBD of the virus. For this, cobalt-
functionalized TiO, nanotubes (Co-TNT) were obtained by elec-
trochemical anodization and wet ion exchange, being applied as
the working electrode. Although, in principle, the sensor was able
to detect the RBD protein with the use of amperometric techniques
it is far from being adequate for clinical use. Its main drawback is
the lack of a specific biorreceptor for the target, making the
detection in complex biological samples impracticable.

An impressive work that employed electrochemistry for aiding
in COVID-19 diagnosis was developed by Zhao et al. [87]. The au-
thors developed a diagnostic system for the detection of SARS-COV-
2 RNA without the need for nucleic acid amplification using only a
smartphone. For that, a super sandwich genosensor was applied,
with a capture probe being anchored by thiol bonds to Au@Fe304
nanoparticles and a label probe being anchored to AuNPs present in
a p-sulfocalix [8]arene functionalized graphene containing tolui-
dine blue (TB) as an electrochemical reporter. A third sequence,
named auxiliary probe, can hybridize with two different label probe
areas, producing long concatamers and high sensitivity. The
developed genosensor was tested in RNA extracts from SARS-CoV-2
confirmed patients, presenting detection rates higher than the ones
presented by RT-qPCR in the same samples (between 85.5 and
46.2% for the developed biosensor and between 56.5 and 7.7% for
RT-qPCR). Furthermore, the LOD achieved by the device is the
lowest reported (200 copies mL~!) among the SARS-CoV-2 geno-
sensors published to date. The device presents itself as a great tool
for aiding in the diagnosis of SARS-CoV-2 especially in low resource
settings, as it relies on simple instrumentation and does not require
any amplification methods to be performed.

Since the diagnosis testing for COVID-19 is based on the pres-
ence of the virus or its antibodies, the results vary over time [249].
In this sense, He et al. [250] have investigated the viral load dy-
namics of SARS-CoV-2 in throat swabs from patients with COVID-
19. According to the authors, the viral load peak is reached at the
time of symptom onset and gradually decreases towards the LOD of
RT-PCR at about day 21. Thus, although the PCR-based tests allow
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the selective detection of SARS-CoV-2, false-negative results can be
observed during the incubation time, estimated to be 5.1 days
[251]. The sensibility of the PCR assays also depends on the sam-
pling technique. For example, Wang et al. reported higher positive
rates in bronchoalveolar lavage fluid specimens compared to the
nasal or pharyngeal swabs [252] due to the slower decline of the
viral RNA in these samples. While the viral load decreases over the
second week, the IgG and IgM antibodies concentrations increase
from day ten after symptom onset [243]. Therefore, the use of
serological tests is not indicated for the early diagnosis of COVID-19
and is more suitable during the convalescent phase of the disease.

Rashed et al. [253] demonstrated the feasibility of using the EIS
technique for rapid and accurate detection of SARS-COV-2 anti-
bodies. A 16-well plate containing gold electrodes was pre-coated
with RBD. The plate interface independently addressed each well
to acquire single frequency measurements (10 kHz) every few
seconds. The association and disassociation of the protein RBD and
the SARS-COV-2 antibodies provoked rapid changes in the total
impedance, indicating if the sample is positive, or negative for
SARS-CoV-2 antibodies. Fast (5 min) and reliable results were ob-
tained for the screening of serum samples, with the immunosensor
being able to differentiate all positive clinical samples from nega-
tive controls. The technique is label-free, relies on commercially
available equipment, and requires simple sample handling, being a
great candidate for clinical applications.

Outstanding work by Seo et al. [122] recently reported a FET-
based immunosensor for rapid diagnosis of COVID-19, which can
operate without any sample preparation and with a processing
time lower than 1 min. The proposed immunosensor successfully
detected the SARS-CoV-2 spike protein at fg mL~! concentrations.
Moreover, it was able to detect the whole SARS-CoV-2 virus in
culture medium and in clinical samples, collected from the naso-
pharyngeal swab of COVID-19 patients. The limit of detection of
2.42 x 10? copies mL~", for the clinical samples, was comparable to
the values reported for the current molecular diagnostic tests of
COVID-19 [254].

Variations in the virus dynamics and the host immune response
have been observed in mild and severe cases of COVID-19. For
example, patients with severe COVID-19 can present viral load 60
times higher than that one associated with mild cases [255]. Shen
et al. [256] reported delayed specific IgM antibody responses in
patients with severe COVID-19 patients. According to this study, the
positive rate of IgM, at <3 days after symptom onset, was 38% for
the mild group against 0% for the severe group. To avoid misin-
terpretation of the COVID-19 diagnostics, the serological tests can
complement the PCR-based assays. Furthermore, the diagnosis or
even the treatment of COVID-19 patients can be guided by the
identification of other biomarkers. In this regard, a systematic re-
view [257] explored the role of the biomarkers in the diagnosis of
COVID-19, including CRP, serum amyloid A, interleukin-6, lactate
dehydrogenase, neutrophil-to-lymphocyte ratio, D-dimer, cardiac
troponin, renal biomarkers, lymphocytes, and platelet count.

Recently, Guan et al. [258] have described interesting bio-
markers for COVID-19, including CRP, procalcitonin, and lactate
dehydrogenase (LDH). Besides CRP, procalcitonin, and LDH pre-
senting elevated concentrations in the patients, the concentrations
of the biomarkers were even further increased in severely ill pa-
tients when compared to mild cases. IL-6 was also reported as an
essential biomarker for COVID-19 in a study published by Chen
et al. [259]. The authors stated that 52% of the tested COVID-19
patients presented elevated IL-6 levels at admission.

7. Concluding remarks and future perspectives

The recent advances highlighted in this review make clear that
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Fig. 7. Structure and genomic organization of SARS-CoV-2. The open reading frame 1 ab gene (ORF1ab, in yellow) encodes non-structural proteins, including the RNA-dependent
RNA polymerase (RdRp). The structural genes (in green) encode the structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N). The genes highlighted in gray
encode the accessory proteins (AP). (Adapted from Alanagreh, L. et al. The human coronavirus disease COVID-19: its origin, characteristics, and insights into potential drugs and its
mechanisms. Pathogens 9, 5, 331 © 2020 MDPI [236]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

biosensors display high applicability towards the rapid, low-cost,
and straightforward diagnosis of viral diseases. These devices
show similar analytical performance to traditional virus-detection
techniques, such as PCR and ELISA, while presenting improve-
ments in many different aspects. One of the main advantages
presented by them is the ability of miniaturization, which allows
the construction of portable, versatile, and low-sample consump-
tion biosensors. Furthermore, such small dimensions allow the
integration of diverse complex bench-top protocols for viral anal-
ysis to be performed in a single hand-held device — named lab-on-
a-chip. Its ability to perform genetic material extraction, isolation,
amplification, and detection in a rapid, portable and automated
manner brings great promises to the area, including low-cost
analysis being performed by untrained users even in low-
resource settings. The recent miniaturization and flexibility
regarding electrical and electrochemical instrumentation also
contribute greatly to the use of biosensors in situ, providing rapid
medical responses and no sample transportation costs, presenting
great potential for improving clinical diagnosis [260,261].

Furthermore, the use of new materials for building microfluidic
devices and electrodes brings novel applications to the table. The
use of flexible substrates, for example, allows the construction of
compact and mechanically robust platforms with great adherence
to the skin or soft organs [262]. This strategy, in its turn, makes
direct and continuous sample collection possible, allowing rapid
responses in the advent of infections, improving the patients’
outcome, and possibly reducing treatment-associated costs
[263,264]. The use of paper for building state-of-the-art biosensors
has also been increasing due to its ability to store active bio-
molecules for long periods, providing energy-free fluid flux, pre-
senting low-cost and great commercial availability.

New and improved electrodes building strategies also brings
great promises to the area. The use of 3D-printing and laser
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inscription allows the customized construction of low-cost elec-
trodes for specific applications — greatly increasing, therefore, the
versatility of construction and analytical performance of devices
while lowering its costs [265]. Emerging technologies regarding
improvements in bioreceptors, such as DNA origami, can also
provide biosensors with a low limit of detection and great sensi-
tivity. In this regard, DNA programmability has been applied to
create supramolecular structures in desired shapes and sizes with
great reproducibility, allowing bioanalytical chemistry to advance
towards single-molecule detection [266]. Last, the association of
biosensors with recently emerged molecular biology techniques,
such as RCA and LAMP, is an excellent alternative for the con-
struction of devices able to perform analysis with great sensitivity
and specificity without the need of thermocyclers or complex
equipment.

Despite their advantages, it is noteworthy to mention that
currently electrochemical biosensors are not commercially avail-
able - except for very specific examples such as the glucometer —
making it worthwile to hightlight some of the challenges for its
routine use. Different aspects possibly contribute to this, including:
1) The lack of stability of the biorecognition element layer. Bio-
sensors commonly make use of biomolecules structured in a spe-
cific manner in the biorecognition layer, with the stability of the
biomolecule itself and also the layer being essential for the
adequate functioning of the device. It is still a great challenge to
keep the adequate functionality of the biorecognition layer for long
periods, under different temperatures and storage conditions. This
instability significantly hampers the lifetime of the devices,
bringing great challenges to its commercialization. 2) The complex
fabrication and the use of high-cost materials. Many biosensors, in
order to improve their analytical parameters (sensitivity, limit of
detection, reproducibility), are based on a highly complex design
and/or make wuse of materials that present high costs
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(nanoparticles, rare elements, liquid cristals). While complex con-
struction methods might not be adequate for batch construction,
high-cost materials inviabilize the competition with current tech-
niques. 3) The barrier for market entrance. The industrial interest in
the commercialization of electrochemical biosensors depends on a
clear market demand, as there are many costs associated with new
technologies. First, regulatory agencies must approve the product.
Then, all machinery and protocol must be adequate to batch pro-
duce the devices at low costs and with reproducibility. 4) Last but
not least, the adequate preparation of real samples. Some devices,
although presenting great analytical performance under controlled
environments, are not able to perform proper readouts in raw real
samples. The reasons for that may vary, including the presence of
interfering species, biofouling, and the analyte nature (the size of a
target DNA or the formation of complexes with the analyte, for
example). These are still great challenges to be addressed in order
to make general electrochemical biosensors become commercially
available.

It is noteworthy to mention that different advancements in
electrochemical sensing offer promises for addressing these com-
mercial challenges. These include, for example, the use of 3-D
printed electrodes (for lower costs and higher accessibility), the
use of new assembles and labels (for a longer lifetime and more
stability, sensitivity, and reliability of the devices), the use of
innovative bioreceptors (biomimetic enzymes, molecularly
imprinted membranes, DNA origami), and the development of
flexible devices (improving the range of application of the sensors).
Furthermore, the development of new and improved electronics
and the recent advancements on the “Internet of Things” hold great
promises for future commercial devices.

In conclusion, the determination of whole viruses, parts of them,
or even biomarkers related to specific illness can significantly aid in
the differentiation and diagnosis of diseases with similar clinical
symptoms, greatly assisting physicians in daily clinical practice. The
recent advances in biosensors for viral disease diagnosis have
allowed rapid in situ monitoring to be performed at low costs even
in the absence of complex equipment or specialized workers.
Although the manufacture and application of these biosensors still
present many challenges to be overcome, these devices hold great
promises for the real-time and continuous monitoring of specific
pathogens. Furthermore, these are extremely valuable tools in
endemic and pandemic scenarios, allowing the sensitive and spe-
cific detection of pathogens to be performed in an uncentralized
and low-cost manner with minimal resources.
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