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This short review presents the latest advances in the field of electrochemical biosensors, focusing
particularly on impedimetric biosensors for the direct measurement of analytes. As a source of study we
have chosen to describe these advances in the latest global health crisis originated from the COVID-19
pandemic, initiated by the SARS-CoV-2 virus. In this period, the necessity for swift and precise detection
methods has grown rapidly due to an imminent need for the development of an analytical method to
identify and isolate infected patients as an attempt to control the spreading of the disease. Traditional
approaches such as the enzyme-linked immunosorbent assay (ELISA), were extensively used during the
SARS-CoV-2 pandemic, but their drawbacks, including slow response time, became evident. In this
context, the potential of electrochemical biosensors as an alternative for COVID-19 detection was
emphasized. These biosensors merge electrochemical technology with bioreceptors, offering benefits

such as rapidity, accuracy, portability, and real-time result provision. Additionally, we present instances of
Received 16th November 2023 lectrochemical bi dified with ducti | liminati th ity f
Accepted 6th March 2024 electrochemical biosensors modified with conductive polymers, eliminating the necessity for an

electrochemical probe. The adaptability of the developed materials and devices facilitated the prompt

DOI: 10.1039/d32y02042h production of electrochemical biosensors during the pandemic, creating opportunities for broader

rsc.li/methods applications in infectious disease diagnosis.

for detection of various infectious diseases. It employs the
specific detection capacity of antibodies and the catalytic

1 Introduction
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The COVID-19 pandemic caused by a new virus identified as
SARS-CoV-2 triggered a global health crisis, profoundly
affecting the lives of billions of people around the world. Since it
was initially identified in 2019 in Wuhan, China, the virus has
spread rapidly, crossing borders, and turning into a widespread
public health threat, killing millions all around the globe."” One
of the main worrying features of the virus was its high trans-
missibility rate. Several studies have pointed out that the spread
occurred also by asymptomatic individuals, which made virus
detection and dissemination very difficult.> The swift trans-
mission has underscored the pressing need for straightforward,
speedy, and precise viral detection. This would facilitate the
prompt recognition of infected individuals or early cases,
enabling the implementation of effective control measures
without delay.

During the COVID-19 pandemic, traditional detection
methods, such as the enzyme-linked immunosorbent assay
(ELISA) method, were widely used. The ELISA method is
a detection technique commonly used in clinical laboratories

“Grupo de Pesquisa em Macromoléculas e Interfaces, Universidade Federal Do Parand
(UFPR), 81531-980, Curitiba, PR, Brazil. E-mail: mvidotti@ufpr.br

*Laboratério de Células Inflamatorias e Neopldsicas (LCIN) e Laboratorio de
Investigacao de Polissacarideos Sulfatados (LIPS), Universidade Federal Do Parand
(UFPR), 81531-980, Curitiba, PR, Brazil

2164 | Anal. Methods, 2024, 16, 2164-2176

properties of enzymes to produce a coloured or luminescent
product. ELISA is typically performed in 96-well plates, which
act as a solid phase for immobilizing the biomolecules, which
can be the antigen, by a direct, indirect, or competitive
approach, or a capture antibody, by a sandwich approach
(Fig. 1). The detection antibody is conjugated with an enzyme
that will generate a coloured product after the substrate is
added. The most used enzymes are alkaline phosphatase and
horseradish peroxidase, which produce a yellow colour in the
presence of nitrophenyl-phosphate and a blue colour in the
presence of hydrogen peroxide, respectively. The plate solid
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Fig. 1 Four major types of ELISA.
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Table 1 Summary of studies to detect Covid-19 using different methods
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Sensitivity or the limit of

Technique Material Target analyte detection Ref.
ELISA ELISA kits from Gold Immunoglobulins\ A (IgA) GSD IgG and IgA kits were 69 15
Standard Diagnostics (GSD) and G (IgG) antibodies and 15 percent sensitive,
respectively
ELISA ELISA kits from Eurolmmun IgA and IgG antibodies EI IgG and IgA kits were 90 15
(ED) and 86 percent sensitive.
respectively
EIS 16-well plate containing SARS-CoV-2 antibodies LOD = 0.1 mg mL " 16
sensing electrodes
EIS Pyrrolidinyl peptide nucleic SARS-CoV-2 RdRp gene LOD =1 pM 17
acid (acpcPNA) sequence
EIS Screen-printed carbon SARS-CoV and SARS-CoV-2 LOD = 3.16 pmol L™* 18
modified with AuNPs spike proteins
CV and EIS Screen-printed carbon SARS-CoV-2 spike protein LOD = 0,04 fg mL ™" 19
modified with Cu,O NCs
EIS Carboxylated carbon Antibodies against SARS- LOD = 0.70 pg mL ™" 20
nanotubes on a carbon- CoV-2 S protein
based SP electrode
CV Gold chips coated with SARS-CoV-2 RNA and anti- 0.8 copies per pl 21
antigens or peptide nucleic SARS-CoV-2 antibodies
acids
RBD IgG ELISA ELISA protocol IgG antibodies against S Sensitivity for IgG detection 22
protein was 72% to 74% between 2
and 3 weeks from the onset
of symptoms
EIS PPy-NTs/AuNPs Anti-SARS-CoV-2 Limit of detection (LOD) of 23
nucleocapsid protein 0.386 ng mL~" and limit of
monoclonal antibodies quantification (LOQ) of
1.287 ng mL ™!
EIS PPy:PSS-AuNPs Anti-SARS-CoV-2 LOD = 2.456 ng mL ™" and 23

nucleocapsid protein

LOQ = 7.442 ng mL ™"

monoclonal antibodies

phase is important so the unbound reagents can be washed to
ensure that the colorimetric reaction is proportional to the
analyte being detected. Therefore, the optical density of the
product is proportional to the concentration of the analyte in
the biological sample.®”

The ELISA method plays a key role in detecting antibodies
against SARS-CoV-2 in blood serum, acting as an indicator of
the immune response to virus infection.® Despite its usefulness,
the ELISA method has certain specific limitations in its appli-
cation for this purpose, such as erroneous readings, potentially
generating both false negative and false positive results. This
can occur due to the variable quality of the reagents, the
immunological window, and the possible presence of similar
antibodies from other coronaviruses.**

In addition, this method requires considerable time and
resources. It requires expensive equipment and reagents, as well as
several steps of incubation, washing, and analysis of the signal
generated.” Usually, the ELISA method is employed to detect
antibodies produced by the host, which can remain present for
months after infection."” Therefore, its inability to discern between
active and past infections is an additional limitation.

Due to these factors, there is a need to develop alternative
approaches that facilitate the detection process. One method-
ology that has stood out is using electrochemical techniques.
These approaches could overcome the limitations inherent to

This journal is © The Royal Society of Chemistry 2024

the ELISA method, providing more efficient detection of COVID-
19, characterized by greater speed, sensitivity, specificity, and
simplicity."*** Table 1 shows some examples related to the
ELISA method and biosensors; the examples mentioned in the
table will be discussed throughout the text.

We can see in Table 1 that electrochemical biosensors
represent a promising approach for diagnosing COVID-19.
These devices combine the sensitivity of electrochemical tech-
nology with the specificity of bioreceptors, allowing direct or
indirect detection of the virus. Direct detection is based on
capturing the virus or its components (RNA or proteins) using
specific probes such as antibodies, aptamers, or peptides.>* For
example, some electrochemical sensors can detect SARS-CoV-2
RNA by hybridizing with complementary probes immobilized
on the electrode surface. Hybridization alters the electrical
properties of the electrode, such as impedance or current,
which can be measured by electrochemical techniques.”

Indirect detection is based on measuring biomarkers asso-
ciated with viral infection, such as immunoglobulins (IgG and
IgM), cytokines or host proteins. For example, some electro-
chemical biosensors can detect antibodies through a specific
immunological reaction with a bioreceptor, such as an antigen
or an aptamer. The bioreceptor can be conjugated to a label,
such as an enzyme or a nanoparticle, which catalyzes a chemical
reaction or generates a potential change on the electrode

Anal. Methods, 2024, 16, 2164-2176 | 2165
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surface. The reaction or change can be quantified using elec-
trochemical techniques.>®

They offer the advantage of providing fast, accurate, and
portable results, facilitating implementation in different
settings.”” By exploring the advances of electrochemical biosen-
sors, and more specifically, impedimetric ones, in the detection of
SARS-CoV-2, it has become possible to envision new perspectives
for disease diagnosis and control. The present review aims to
examine these advances, discuss the challenges faced, and explore
the prospects for the development and application of these
biosensors not only for COVID-19 but also for other infectious
diseases.**?*

1.1 Electrochemical biosensors in SARS-CoV-2 detection

Electrochemical biosensors are designed to convert interactions
between the analyte and the recognition element into a measur-
able electrical signal, providing fast and accurate results.***' These
devices have several key advantages for monitoring and control-
ling the spread of various viruses, as they are fast, portable, and
can provide results in real-time. They offer high sensitivity and
selectivity, allowing accurate identification of SARS-CoV-2, and
other analytes, even at low concentrations.>**

There is much promising work in the field of biosensors for
the detection of SARS-CoV-2 nucleic acid, and these develop-
ments have the potential to improve our ability to diagnose and
monitor COVID-19. In addition, electrochemical biosensors
have also been used to detect antibodies generated after SARS-
CoV-2 infection, providing crucial information about the indi-
vidual's immune response, and to detect viral antigens.>**

An antigen test looks for an active infection by detecting the
presence of antigens from the SARS-CoV-2 virus. On the other
hand, an antibody test looks for signs of a past infection by
detecting antibodies produced by the host in response to the
virus. Antigen tests are commonly used for detecting and
diagnosing respiratory infections like COVID-19 and can help
detect a current viral infection. Antibody tests can help identify
a past infection or vaccination against COVID-19 in specific
clinical situations and can also be used to monitor population-
level immunity and infection rates of SARS-CoV-2.**

The scientific literature has presented significant advances
in a short period in the development of electrochemical
biosensors for COVID-19 diagnosis. Much of the research has
focused on improvements in the sensitivity, specificity, and
robustness of these devices, aiming to improve their effective-
ness to facilitate diagnoses.*>**

1.1.1 Electrochemical biosensor components. Typically, an
electrochemical biosensor has three main components, an
electrode (or transducer), a bioreceptor, and a signal transducer
or detector. The electrode is the central element of the
biosensor, as it is on its surface where the electrochemical
reactions occur. The bioreceptor is the biological part of the
biosensor that makes it selective to the analyte of interest. The
signal transducer converts the interaction between the bio-
receptor and the analyte into a measurable electrical signal.****

Fig. 2 below illustrates the functioning of the components in
an electrochemical biosensor, allowing a clear visual
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representation of the detection process. The transducer is rep-
resented by a screen-printed electrode (SPE). The central circle
is the working electrode, which is the transducer, the core
component of the biosensor, as it is the place where the elec-
trochemical reactions take place. The transducer also carries
the bioreceptors, which are represented by purple Y-shaped
molecules. The bioreceptor is the component that selectively
recognizes and captures the target molecule in the sample. In
the figure, the target molecule is represented by a blue triangle,
which fits into the bioreceptor. The signal transducer is the
component that converts the change in the electrochemical
properties of the electrode due to the bioreceptor-target inter-
action into a quantifiable electrical signal.>**

The surface of the transducer can be optimized by being
functionalized with materials that are more sensitive to elec-
trochemical signal changes, such as gold, platinum, carbon,
and graphene, whose intrinsic characteristics provide greater
electrical stability and higher sensitivity.*>** This functionali-
zation should also contain a functional layer containing the
bioreceptor, which is what makes this device selective to the
analyte of interest.*>**

This bioreceptor is the biological part present in the
biosensor. On the electrode surface, the bioreceptor is immo-
bilized, becoming responsible for interacting with the specific
target in a sample, where in the case of COVID-19, some of the
main detection targets include virus-specific antigens, viral
oligonucleotides and antibodies.>*?"*+*

When the interaction between the bioreceptor and the target
occurs, signal transduction is performed at the electrode to
convert the interaction into a detectable electrical signal. This
electrical signal occurs thanks to electrochemical reactions at
the electrode/bioreceptor interface that are proportional to the
concentration of the target present in the sample. With the
combination of each of these components, they can be devel-
oped in different ways and for different purposes for virus
detection and thus produce versatile electrochemical biosen-
sors.* Fig. 2 below illustrates the functioning of these compo-
nents in an electrochemical biosensor, allowing a clear visual
representation of the detection process.

These devices have the potential to be used for diagnosis,
prognosis, and prediction of the disease course in the context of
personalized medicine.*®*” Some notable materials for the
functionalization of surfaces include biosensors based on gold
nanoparticles (AuNPs); this material aims to increase charge
transfer efficiency.'®**°

<+~— Analyte
%

<+— Bioreceptor

Electrochemical
workstation  ——

I

Transducer
(Electrode)

Potentiostat .

Signal transducer

Fig. 2 Electrochemical biosensor components.
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1.1.2 Electrochemical biosensors - techniques. Biosensors
can be divided into several categories according to the working
principle of the transduction element, such as electrochemical
biosensors, optical biosensors, and gravimetric biosensors,
among others.** Each can be categorized according to the bio-
receptor being used, immunosensors when antibodies are
employed, aptasensors for aptamers, genosensors for DNA or
RNA bioreceptors, and so on. Electrochemical biosensors
specifically can also be further categorized by the signal readout
technique being used, such as impedimetric biosensors, vol-
tammetric biosensors, potentiometric biosensors, and others.**

Electrochemical biosensors for COVID-19 detection exploit
different electrochemical techniques to convert the interactions
between the virus and its components into measurable elec-
trical signals. Among the main techniques used are voltam-
metry, electrochemical impedance spectroscopy, amperometry
and chronopotentiometry. Each technique has distinct charac-
teristics and offers specific advantages in biosensors.>>*%>*

Voltammetry has been one of the most widely used tech-
niques for various electrochemical biosensors as it involves
simple methodologies and is sensitive to detection. It involves
the application of a controlled potential difference between
electrodes and obtains as a response the resulting current as
a function of the applied potential.>**® Several variations of this
technique, such as square wave voltammetry, cyclic voltamme-
try, and differential pulse voltammetry, have been used to
improve sensitivity and selectivity in the detection of SARS-CoV-
2. However, voltammetric techniques may present limitations
in detecting very low concentrations of analytes, which can be
a disadvantage in applications that require high sensitivity, in
addition to the necessity to use an electrochemical probe to
carry out the measurements.*”*

Electrochemical impedance spectroscopy (EIS) is a tech-
nique that can also be used to investigate interfacial properties
related to biorecognition events that occur on the electrode
surface. This technique has the advantage of requiring a small
perturbation of the steady-state amplitude to detect changes in
the charge transfer resistance (R.) or capacitance value. The
impedance can be obtained in the presence or absence of
a redox couple, which indicates whether the impedance is
faradaic or non-faradaic, respectively.®***

In faradaic biosensors, also known as impedimetric biosen-
sors, the antibodies are immobilized on the electrodes. The

Fig. 3 ElIS-based biosensor platform using the ferri/ferrocyanide
redox pair as a probe in the detection of SARs-Cov-19 S protein.

This journal is © The Royal Society of Chemistry 2024
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electrode is then coated with a blocking layer, resulting in
a change in electron transfer. After antigens are bound to the
antibodies, forming the immunocomplex, access to redox probes
is hampered. As the faradaic reaction of the redox couple is
hampered more and more, the electron transfer resistance will
increase and the capacitance will decrease, thus making detection
possible.”® In Fig. 3, there is an illustrative scheme of an impedi-
metric biosensor that uses an electrochemical probe for detection.

1.1.3 Electrochemical biosensors - analytes. When it
comes to the analytes utilized, electrochemical biosensors
developed for the detection of specific structural proteins of the
SARS-CoV-2 virus, such as the spike protein, have garnered
attention due to their high sensitivity and specificity. Addi-
tionally, these biosensors are highly efficient and cost-effective,
making them an attractive option for SARS-CoV-2
detection.>>%>%

For instance, in the work conducted by Zukauskas et al
(2023)** the biosensor was developed using a gold disk electrode
modified with a self-assembled monolayer of mercaptoacetic
acid (MAA) and 6-mercapto-1-hexanol (6-MCOH). The biosensor
was tested for the determination of antibodies against the SARS-
CoV-2 spike protein in human serum samples, with detection
carried out using three electrochemical methods: cyclic vol-
tammetry, differential pulse voltammetry, and potentiostatic
pulsed amperometry. The results indicated that differential
pulse voltammetry and potentiostatic pulsed amperometry
exhibited similar sensitivity, while cyclic voltammetry was the
most sensitive method. The LOD and LOQ values using the VC
technique were 0.34 nM and 1.04 nM, respectively; these values
are relatively high when compared to those in other studies.

As previously discussed in the context of spike protein
detection, Rahmati et al. (2021)" (Table 1) also describes the
development of an electrochemical immunosensor based on
a screen-printed carbon electrode modified with Cu,O nano-
cubes (Cu,O NCs). This sensor uses the IgG anti-SARS-CoV-2
antibody spiked onto the electrode surface as a specific plat-
form in an ordered orientation through staphylococcal protein
A. Electrochemical evaluations were carried out using EIS and
CV and showed a very good linear relationship between the R
and the content of the spike protein through a specific binding
reaction. The LOD was estimated to be 0.04 fg mL™", demon-
strating the device's ability to detect extremely low concentra-
tions of the SARS-CoV-2 spike antigen, indicating excellent
sensitivity of the sensor. Although the number of samples tested
was relatively small, with only nine saliva samples and seven
universal transport medium (UTM) samples, the study did not
include a negative control group to evaluate the specificity of the
biosensor in relation to other viruses affecting the respiratory
tract, which may be important to avoid false positive results.

Another interesting study using MAA and gold is that of
Brazaca et al. (2022)*® (Table 1). The authors engineered an
electrochemical biosensor that leverages electrodeposited gold
nanostructures for the detection of the spike proteins of SARS-
CoV and SARS-CoV-2. The biosensor employs S protein capture
antibodies covalently immobilized on self-assembled mono-
layers (SAMs) of MAA linked to gold nanostructures. The
detection of the S proteins of both SARS-CoV and SARS-CoV-2 is

Anal. Methods, 2024, 16, 2164-2176 | 2167
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carried out using electrochemical impedance spectroscopy
(EIS). The biosensor, fabricated with 9 seconds of gold deposi-
tion, demonstrated high performance in terms of selectivity,
sensitivity, and a low limit of detection, enabling direct deter-
mination of the target proteins in saliva samples. The LOD of
the immunosensor is higher than that of more sophisticated
immunosensors, and its low cost and potential direct applica-
bility to biological samples represent considerable advantages.
However, a limitation is that the immunosensor was only tested
with inactivated virus samples, requiring additional validation
with clinical samples. Furthermore, efforts are still needed for
complete validation with a more significant number of samples
and those of different natures, in addition to a comparison with
gold standard techniques, such as ELISA and RT-qPCR.

The ELISA protocol is also used in the work of Villafafie et al.,
2022 (ref. 22) (Table 1). This paper describes the development of
a low-cost IgG ELISA test based on the receptor binding domain
(RBD) of the SARS-CoV-2 virus. The aim of the study was to
produce large quantities of the RBD protein in a simple and
economical manner that could be used in low-income and
remote areas for patient contact tracing, epidemiological
studies and vaccine efficacy evaluation. The authors used
a semi-stable mammalian episomal expression system to
produce the RBD protein and tested it in an in-house IgG ELISA
for COVID-19 using a panel of human sera. The results showed
that the recombinant antigen was effective in detecting SARS-
CoV-2 specific IgG antibodies with 100% concordance between
tests when compared to a commercial test based on the full
length spike protein. The study concludes that the RBD-based
ELISA test may be an attractive and cost-effective option in
scenarios of limited resources to address the COVID-19
pandemic. The strength of the study lies in the ability to
produce large quantities of RBD protein in a simple and inex-
pensive way that can be used in low-income and remote areas.
However, the study's weakness is that it only tested the
recombinant antigen in an in-house IgG ELISA for COVID-19
using a panel of human sera, and further validation is needed to
confirm its efficacy in real-world scenarios.

Macmullan et al* (2020) (Table 1) demonstrated two
different applications of the ELISA method in the article for
detecting SARS-CoV-2 antibodies in saliva. The article aims to
develop and validate a saliva-based ELISA for detecting anti-
bodies against SARS-CoV-2, the virus that causes COVID-19. The
authors optimized the protocol for saliva samples using
a mouthwash collection method, centrifugation, concentration,
and blocking. The sensitivity and specificity of the saliva-based
ELISA were tested on a large set of clinical samples from PCR-
positive and PCR-negative individuals. The data were stratified
by age, sex, and days since symptom onset. The saliva-based
ELISA achieved high sensitivity and specificity, particularly for
individuals over 40 years of age. Additionally, it showed a weak
but significant correlation with serum IgG levels. The article
presents a promising approach for antibody testing using saliva
samples. Saliva samples are easy and non-invasive to collect and
pose less risk of exposure for healthcare workers. However, the
article has some limitations and challenges. For instance, it
does not compare with other saliva-based assays, does not test
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asymptomatic or mildly symptomatic individuals, does not
evaluate neutralizing antibodies, does not assess stability and
reproducibility, and does not standardize or calibrate against
a reference material or method.

Another main analyte used for COVID-19 diagnosis is viral
nucleic acid, which is detected by the reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) method.
However, this test is time-consuming and requires expensive
equipment and trained personnel. Electrochemical biosensors
offer a faster and more affordable alternative for the direct
detection of viral nucleic acid.*” Biosensors aimed at detecting
the nucleic acid of the virus allow for direct analysis of the viral
genetic material present in the sample, and are also known as
DNA biosensors or genosensors.*»*** The article by Wu et al.®.
describes the development of an electrochemical biosensor for
the rapid, highly sensitive, and specific detection of the SARS-
CoV-2 Delta variant without the need for any nucleic acid
amplification assays. The biosensor is based on CRISPR-Cas12a
technology and utilizes a DNA template identical to the SARS-
CoV-2 Delta spike gene sequence as a model. The authors used
differential pulse voltammetry (DPV) as the detection
technique.

In a similar vein, the article by Lomae et al.'” (Table 1)
discusses the development of a label-free electrochemical DNA
biosensor for the diagnosis of COVID-19. The developed sensor
was used for amplification-free SARS-CoV-2 detection in 10
nasopharyngeal swab samples (7 SARS-CoV-2 positive and 3
SARS-CoV-2 negative), giving results 100% in agreement with
those of RT-PCR. The sensor is based on a portable potentiostat
and a paper-based device and uses peptide nucleic acid (PNA) as
the capture probe for point-of-care testing.

However, the clinical validation had a small sample size and
the samples were collected from a single hospital, which may
restrict the generalizability of the results. Besides, the presence
of other viral or bacterial pathogens in the samples may affect
the sensor's performance, leading to false-positive or false-
negative results. Additionally, the sensor necessitates a sample
extraction step, which may introduce variability and contami-
nation. Therefore, further studies are required to assess the
sensor's performance in larger and more diverse populations,
as well as to optimize the sample preparation and handling
procedures. Furthermore, the sensor could be enhanced by
integrating multiplexing capabilities to detect other SARS-CoV-2
genes or variants. Additionally, alternative PNA systems could
be utilised to improve binding affinity and specificity.

There are several other articles about DNA detection. The
studies by Zhang et al. (2022)°° and Hwang et al. (2021)% all
discuss the development of biosensors for the detection of
SARS-CoV-2 nucleic acid or COVID virus DNA. These articles
describe different approaches for developing these biosensors,
including the use of electrochemiluminescence (ECL), CRISPR/
Cas12a technology, and printed circuit board (PCB) electrodes.
These different approaches highlight the diversity of techniques
and technologies that are being used to develop biosensors for
the detection of SARS-CoV-2 nucleic acid or COVID virus DNA.

In a similar way, the electrochemical detection by the RNA
technique used in the article by Peng et al.®® is based on the

This journal is © The Royal Society of Chemistry 2024
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catalytic hairpin assembly (CHA) circuit and terminal deoxy-
nucleotidyl transferase-mediated DNA polymerization. When
the target RNA is present, it triggers the CHA reaction, leading
to the generation of long single-stranded DNA products. These
DNA products bind to positively charged electroactive mole-
cules, resulting in significantly amplified electrochemical
signals. The electrochemical techniques used were electro-
chemical impedance spectroscopy (EIS) and differential pulse
voltammetry (DPV). EIS was used to verify the sensor's perfor-
mance, while DPV was used to record the signal responses
under different conditions. The use of RNA as a target for
detection of SARS-CoV-2 has advantages such as high specificity
and sensitivity, as well as the ability to detect the infection early.
Viral RNA can be detected in the early stages of infection, even
before symptoms appear, which is crucial for controlling the
spread of the virus. Furthermore, detection of viral RNA can
provide important information about viral load and disease
progression, helping to monitor and treat patients. Detection of
viral RNA also plays a key role in identifying virus variants,
allowing mutation tracking and assessment of vaccine
effectiveness.

Regarding the use of conductive polymers, the work by Song
et al.®® addresses the construction of an antifouling electro-
chemical biosensor. Biofouling, caused by the accumulation of
biomolecules on detection surfaces, is one of the main prob-
lems and challenges for the practical application of electro-
chemical biosensors. In this study, an electrochemical
antifouling biosensor was built based on electropolymerized
polyaniline (PANI) nanowires and newly designed peptides for
the detection of the N gene of COVID-19. The inverted Y-shaped
peptides were designed with excellent anti-fouling properties
and two anchoring branches. Based on the biotin-streptavidin
affinity system, biotin-labeled probes specific for the COVID-19
N-gene (nucleocapsid phosphoprotein) were immobilized on
the peptide-coated PANI nanowires, forming a highly sensitive
and antifouling electrochemical detection interface for the
detection of COVID-19 nucleic acid. The N gene used in detec-
tion is less prone to mutations compared to other regions of the
viral genome. This increases the reliability of detection and
reduces the likelihood of false negatives due to viral mutations.
The work presents a limit of detection (LOD) of 3.5 fM for the
detection of the COVID-19 N gene, even in complex human
serum samples. Compared to other studies, this LOD is quite
impressive, indicating a high sensitivity of the developed
biosensor.

The article by Yakoh™ presents an innovative paper-based
electrochemical biosensor designed for COVID-19 diagnosis.
This biosensor, featuring a screen-printed carbon electrode
modified with gold nanoparticles, employs differential pulse
voltammetry for signal detection. The detection mechanism
revolves around the interruption of the redox conversion of the
redox indicator, leading to a reduced current response.

Expanding on the theme of electrochemical detection, the
article by Rashed et al.”* (Table 1) introduces a label-free, rapid
detection method for SARS-CoV-2 antibodies. This approach
utilizes a readily available impedance sensing platform where
antibodies bind to the receptor binding domain (RBD) of the

This journal is © The Royal Society of Chemistry 2024
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SARS-CoV-2 spike protein pre-coated on sensing electrodes.
Consequently, this binding event induces an impedance change
that the platform measures effectively.

On the other hand, the studies conducted by Najjar et al.**
and Ana R. Cardoso et al.* (Table 1) collectively underscore the
remarkable progress in the development of electrochemical
biosensors for COVID-19 diagnosis. These papers demonstrate
diverse approaches, including lab-on-a-chip technology, ultra-
sensitivity, and rapid quantitation, to address the pressing need
for efficient diagnostic tools. The integration of multiplexed
electrochemical outputs, ultra-sensitive spike protein-based
capture methods, and rapid quantification techniques show-
cases the versatility and potential of electrochemical biosensors
in responding to the challenges posed by the pandemic.

These biosensors offer a multifaceted approach, ranging
from rapid quantitation to ultra-sensitive antibody capture and
multiplexed detection. Moreover, they seamlessly complement
traditional antigen and antibody tests by acting as efficient,
precise, and versatile diagnostic tools. The extensive exploration
of electrochemical biosensors targeting the spike protein,
nucleic acids, antigens, as well as antibodies generated post-
infection, illuminates the diverse strategies employed in the
pursuit of accurate and efficient diagnostic tools for COVID-19.
The highlighted studies collectively exemplify the robustness
and adaptability of electrochemical biosensing techniques in
the fight against the pandemic. These advancements not only
hold promise for enhanced diagnostic capabilities but also
signify a significant step towards improved public health
measures and a more comprehensive understanding of the
virus's behavior and its impact on human immunity.?**7*-7*

1.1.4 MIP-based electrochemical biosensors in SARS-CoV-2
detection. Most of the developed diagnostic tools are based on
biological recognition elements, i.e. diagnostic antibodies that
guarantee the selectivity of the device in relation to the target
but reduce the useful life of the sensor and increase the cost.
One of the promising approaches is the use of molecular
imprinted polymers (MIPs), which are synthetic materials
designed to mimic the properties of natural antibodies or
receptors, making them useful for detecting specific molecules,
such as those associated with pathogens such as the SARS-CoV-
2 virus.”®

The work of Ayankojo et al. (2022)”® has developed a sensor
based on MIPs, which acts as a synthetic receptor that effectively
detects the S1 subunit of the SARS-CoV-2 spike protein (ncovS1).
The device is capable of detecting ncovS1 both in phosphate-
buffered saline and in nasopharyngeal samples from the
patient. In addition, the sensor is compatible with portable
potentiostats, allowing on-site measurements. This means that
it has great potential as a point-of-care testing platform for
rapid and early diagnosis of COVID-19 patients. The work
presents remarkable LOQ and LOD values, considering that the
concentration of ncovS1 in samples from patients with COVID-
19, estimated from the reported amount of RNAs observed after
diagnosis, ranges from 0.02 to 18.7 ng mL ™", Furthermore, the
study reports that the sensor's performance is superior to that
of other electrochemical sensors reported in the literature.
However, the study was conducted on a relatively small sample
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size, only 5 positive samples; additional validation studies may
be necessary to confirm the sensor's performance in larger
populations.

The paper by Raziq et al” presents the development of
a portable MIP-based electrochemical sensor for detection of
the SARS-CoV-2 nucleoprotein (ncovNP). The selectivity was
appreciable for ncovNP, as its response was almost insensitive
to the addition of the spike protein in the COVID-19-negative
sample but increased immediately after the addition of ncovNP.
This selectivity is crucial for accurate diagnosis, which offers
great potential for point-of-care testing applications. The
sensors demonstrated excellent long-term stability, with the
response remaining the same up to 9 weeks of storage, indi-
cating their potential for practical use. The limit of detection
and quantification of the sensor in the lysis buffer was 15 fM
and 50 fM, respectively. Although this is a promising result, it
may not be sensitive enough to detect low levels of the virus in
some clinical samples.

The study by Ratautaite et al. (2021)”” focused on the devel-
opment of conducting polymers and their application in elec-
trochemical detection. Conducting polymers, such as
polypyrrole, were utilized as polymeric matrices for the creation
of MIPs. Electrochemical detection was conducted using tech-
niques like CV, DPS and EIS, enabling the analysis of interac-
tions between analytes and electrodes modified with MIPs.
Additionally, chronoamperometry was applied to assess
changes in current in response to variations in the diffuse layer
thickness on the working electrode surface. The results
demonstrated that conducting polymers, particularly poly-
pyrrole, proved effective in generating MIPs for the detection of
analytes with both low and high molecular weights, such as
proteins and viruses.

El Sharif et al.,” investigated electropolymerized molecular
imprinted polymers (E-MIPs) for selective recognition of the
entire SARS-CoV-2 virus; a specific monoclonal antibody for
SARS-CoV-2 called mAb CR3022 was used to confirm the pres-
ence of the virus, and the EIS technique was used for detection.
We tested 24 patient saliva samples, which had previously been
tested for SARS-CoV-2 using the loop-mediated isotherm
nucleic acid amplification (LAMP) method. These samples were
used to evaluate the ability of E-MIPs to discriminate between
positive and negative cases of COVID-19. The detection limit of
E-MIPs for the presence of SARS-CoV-2 in saliva samples was
4.91og 10 pfu mL". This suggests that the E-MIP approach is
suitable for the detection of SARS-CoV-2 with minimal sample
preparation and can be used as an effective tool for the diag-
nosis of COVID-19. It is important to note that the limit of
detection may vary depending on experimental conditions and
sample characteristics, and although the limit of detection is
good, the sensitivity in relation to samples with lower viral loads
may be a point of attention. The E-MIP approach provides
a rapid readout of SARS-CoV-2 detection in less than 10
minutes, making it a rapid and efficient method for diagnosing
COVID-19.

Electrochemical detection using molecularly imprinted
polymers (MIPs) has demonstrated promising sensitivity and
selectivity, opening avenues for future applications in
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biomarker detection and disease diagnosis, including the
identification of SARS-CoV-2 infection. MIPs are easy to prepare,
cost-effective and stable under adverse conditions.

The company MIP Diagnostics has launched commercial
nanoMIPs priced at £990.00, highlighting on its website that the
device developed has demonstrated an extremely low detection
limit of 5 fg mL ™" in a sensor device and a 20-fold improvement
in sensitivity when compared directly with commercial anti-
bodies, without cross-reactivity with coronavirus variants 299E,
HKU1 or OC43.

It is important to recognize that employing an epitope as
a template in MIPs may offer advantages, but may also lead to
nonspecific interactions between the virus and the polymer.
Although real-time polymerase chain reaction (RT-PCR)
remains the gold standard for determining the SARS-CoV-2 viral
load, the potential for MIPs to replace this method is still in
question. Alternatively, the combination of MIPs with lateral
flow assays presents an intriguing prospect as a more cost-
effective and stable alternative to antigen testing. This integra-
tion could offer a synergistic approach, capitalizing on the
strengths of both technologies to improve diagnostic capabil-
ities in the context of SARS-CoV-2 detection.

2 Electrochemical biosensors using
ferri/ferrocyanide probes in COVID-19

Most of the studies described so far use electrochemical probes
in detection; specific examples of how the probes are used and
their purpose are discussed in this section. In biosensors,
complementary redox electrochemical probes are generally
used to detect viral proteins, genomes, or antigens at the
working electrode.” The ferri/ferrocyanide redox couple
(K3[Fe(CN)g])/K4[Fe(CN)g]) is an electrochemical probe well
established in the literature and widely used in biosensors, due
to its simplicity, stability, reversible heterogeneous kinetics, as
well as well-defined redox processes facilitating the detection of
species.”®”>® An example of the use of probes in biosensors is
the work of Eissa S, et al.®® where a ferri/ferrocyanide redox pair
was used for electrochemical detection, using the square wave
voltammetry technique. Detection was determined based on the
percentage change in the peak current of decreasing signals the
immunosensor response; (i — i,/i%) after binding the immu-
nosensor with the virus. The limit of detection (LOD) of the
biosensor was determined to be 0.4 pg mL™", which is much
lower than the LOD of the ELISA for Bioss Inc.'s SARS-CoV-2 N
protein, which has a reported LOD of 0.4 ng mL™". This indi-
cates that the biosensor is highly sensitive and can detect very
low levels of SARS-CoV-2 nucleocapsid antigen in nasopharyn-
geal samples. Furthermore, the biosensor presented a good
linear sensitivity range, ranging from 1.0 pg mL™" to 100 ng
mL~". In voltammetric biosensors, a potential is applied, and
the interaction between the analyte and the bioreceptor is
detected by the current change.®

In the work of Zukauskas et al. (2023)* mentioned in the
previous section, the ferri/ferrocyanide pair probe was used to
detect antibodies against the SARS-CoV-2 spike protein in
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human serum samples, through a self-assembled layer of MAA
and 6-MCOH in a gold disc electrode. These antibodies can
recognize and specifically bind to the spike protein present in
human serum samples, generating a change in the electrical
current, observed by the change in the peak provided by the
electrochemical probe. This change can be measured by
different electrochemical methods. This work was described in
more detail in the previous section. Due to the reversible redox
behavior that the ferri/ferrocyanide pair probe exhibits, it was
possible to evaluate the quality of the electrode surface and the
efficiency of the immobilization process, providing valuable
information about the performance of the biosensor.

Another example of the use of electrochemical probes is the
work of Lomae et al. (2023)" (Table 1). In this work, detection
occurs by capturing the target complementary DNA. A dispos-
able paper-based device was used as a working electrode,
directly modified with a pyrrolidinyl peptide nucleic acid
(acpcPNA) as a biological recognition element. This work was
described in more detail in the previous section. The use of the
ferri/ferrocyanide pair probe in this work offers several advan-
tages. The negatively charged ferrocyanide molecule repels the
negatively charged DNA structure, resulting in a change in the
electrochemical response upon DNA hybridization. This
enables label-free DNA detection without the need for addi-
tional reagents or labels. The ferri/ferrocyanide pair probe is
highly sensitive to changes in the local environment, making it
an ideal choice for detecting small changes in the electro-
chemical response following DNA hybridization.

Another material that can be used as an electrochemical
probe is methylene blue (MB). The work of Heo et al. (2022)** is
one example, where they implemented CRISPR/Cas13a trans-
cleavage activity to quantify SARS-CoV-2 RNA in spiked artificial
saliva samples. Here, a screen-printed carbon electrode (SPCE)
was modified with nanocomposites and gold nanoflowers
(AuNFs) and coated with streptavidin (SA). Reporter RNA
(reRNA) tagged with methylene blue (MB), which plays a role as
a redox probe, and biotin was immobilized onto the electrode
through the SA. The crRNA was complementary to the SARS-
CoV-2 target sequence, so the Cas13a-crRNA complex was able
to recognize it specifically and was activated by hybridization
with the target RNA after incubation at 37 °C for 1 h 30 min.
This activation set off the non-specific cleavage of reRNA on the
biosensor surface. Electrochemical detection was performed
through DPV, and the removal of MB from the surface resulted
in a current reduction correlated with gene concentration. The
LOD was estimated to be 0.044 fg mL ™" for ORF genes and 0.081
fg mL~" for S genes.

During the COVID-19 pandemic, many biosensors based on
the impedimetric response using electrochemical probes were
developed. For example, Zaccariotto et al.** developed an elec-
trochemical immunoassay to detect the SARS-CoV-2 RBD
protein in saliva, using antibodies immobilized on reduced
graphene oxide (rGO) and a redox couple ([(Fe(CN)g)]>™*") as
a probe. Fig. 4 and 5 show the development and detection
processes of the developed electrode. First, the EIS and VC
techniques (Fig. 4(A) and (B)) were used to monitor the stages of
the SARS-CoV-2 immunosensor assembly process. The CV
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shows well-defined oxidation and reduction peaks due to the
Fe**/Fe®" pair; in the first modification there is an increase in
current caused by the presence of rGO, and after immobiliza-
tion of the antibody, followed by blocking the surface with BSA
and the incubation step of the RBD protein (antigen) of the
SARS-CoV-2 spike protein, a decrease in the anodic and
cathodic peak currents of the redox couple is observed. This
decrease occurs due to the biomolecules acting as an obstacle to
the transfer of electrons at the electrode-solution interface.

The analytical performance was evaluated using the EIS
technique (Fig. 5(A)); it is noted that the R values increase with
increasing antigen concentration, indicating dependence on
the target concentration. The frequency varied from 10 MHz to
0.01 Hz, and an amplitude of 10 mV was applied. The detection
limit (calculated as LOD = 3SDblank/slope) obtained for the
lowest antigen concentrations was 150 ng mL™', and the
analytical curves used presented a linearity factor of 0.16 to 1.25
pg mL ™" and 2.5 to 40 ug mL™" (Fig. 5(B) and (C)).** The LOD
and LOQ values found in this work are relatively high compared
to those in other studies in the literature. It is important to
highlight that the objective of this work was to develop a low-
cost and highly sensitive detection method for SARS-CoV-2,
using accessible materials and simple electrochemical tech-
niques. In this sense, the LOD and LOQ values found are suit-
able for detecting the virus in saliva samples, which is a less
complex medium than clinical samples, such as blood or
serum.
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Fig. 4 CV (A) and EIS (B) electrochemical characterization of the
immunosensor fabrication in 0.2 mol L™ PBS pH 7.4, 0.1 mol L™ KCl
containing 5.0 mmol L™ of [Fe(CNg)I*~/*~, (C) CV experiments of the
GC/rGO-EDC-NHS/Ab/BSA electrode (control) and after the incuba-
tion of different antigen concentrations (image taken from the Zac-
cariotto et al. article®).
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Fig. 5 (A) EIS responses of the impedimetric immunosensor with
different concentrations of the SARS-CoV-2 spike protein, with
insertion of the equivalent circuit used. The respective calibration
curves plotted between the AR, and logarithmic concentration of
SARS-CoV-2 spike protein from (B) 0.16 to 1.25 pg mL™, and (C) 2.5 to
40 pg mL™t (image taken from the Zaccariotto et al. article®?).

Other studies that also use impedimetric techniques and
probes are described hereafter. Brazaca et al. (2022)*° developed
a low-cost immunosensor, based on screen-printed carbon
electrodes (SPCEs) modified with gold (Table 1), where the
detection of protein S was performed by means of the EIS
technique, using a hexacyanoferrate(u) probe/(m) of potassium,
and an LOD of 3.16 pmol L' was obtained.™®

Kiew L.-V et al.** used a thin palladium nanofilm electrode
coated with angiotensin 2 (ACE2) and the redox couple
[(Fe(CN)e)]> "~ as a probe to detect the spike protein (expressed
through the Escherichia coli system). The electrode developed
had as its central focus the screening of potential inhibitors
against the S-protein-ACE2 binding. The platform can detect
small analyte interference against S-ACE2 protein binding at
low analyte concentration and small volume (0.1 pg mL~" and
~1 pL, estimated total analyte consumption <4 pg). Some
potential pharmacological interferents were also tested, such as
ramipril and perindopril, and their active metabolites ram-
iprilat and perindoprilat, which suppress the binding of SARS-
CoV-2-ACE2 were successfully identified, not causing significant
interference in detection. In this work only in vitro tests were
carried out; in vivo and clinical investigations are required to
confirm the veracity of the developed platform.

Li et al. (2021)* developed a paper-based biosensor with zinc
oxide nanowires (ZnO NWs) grown directly onto the working
electrodes (WEs). The ZnO NWs are fabricated through
a hydrothermal growth method, thus combining cheap mate-
rials such as paper and easily fabricated nanostructures. The
SARS-CoV-2 spike protein RBD (receptor binding domain) was
employed as a bioreceptor, immobilized through an

2172 | Anal. Methodss, 2024, 16, 2164-2176

View Article Online

Minireview

organosilane-based surface chemistry process. The goal was to
detect anti-spike antibodies in spiked human serum using EIS
as a sensing technique with [Fe(CN)¢]>~ as an electron medi-
ator. The limit of quantitation (LOQ), which is the lowest
concentration of the analyte that can be quantitatively detected
with stated accuracy and precision, was 10 ng mL™" achieved in
under 30 minutes.

Kilic et al. (2021)* developed an electrochemical biosensor
based on zwitterionic polypyrrole (ZiPPy) to detect anti-spike
protein antibodies in saliva. The modified conducting polymer
could be easily electropolymerized and exhibited higher
hydrophilicity, hindering non-specific protein adsorption on
the working electrode, therefore improving the signal-to-back-
ground noise ratio. To achieve spike protein immobilization
onto the working electrode, the researchers mixed the biomol-
ecules with the ZiPy monomers, so they were bound by
entrapment. Patient saliva samples were tested. The signal
readout technique used was EIS with [Fe(CN)¢]’~ as the redox
indicator, achieving a LOD of 50 ng mL™".

Rashed et al. (2021)"* (Table 1) modified a commercially
available 16-well plate from ACEA Biosense by coating the wells
with RBD protein. The welled plate included interdigitated gold
electrodes merged to polyethylene terephthalate (PET). The
performance of the device was evaluated with six clinical
samples of human serum, and the detection was obtained
through continuous impedance measurements at fixed
frequencies to simplify the hardware and facilitate the devel-
opment of portable devices. The detections were compared with
ELISA measurements on the same tested human serum
samples, but the results of limits of detection and quantifica-
tion are not demonstrated in the work, and the author only
mentions that the results show a clear correlation between the
impedance values and the concentration of antibodies in the
sample.

The authors were able to detect the samples containing 0.1
pg mL~" of CR3022 antibody, which is a monoclonal anti-SARS-
CoV-2 antibody. They reported that the platform was able to
differentiate spikes in impedance measurements from a nega-
tive control (1% milk solution) for all CR3022 samples.
However, they did not explicitly state the minimum detected
value or the limit of detection for their method. They only
mentioned that their experiments demonstrated that the
implementation of electrochemical impedance spectroscopy
(EIS) can be used to detect clinically relevant antibody
concentration.

The article presents a novel and promising approach for
point-of-care diagnosis and monitoring of COVID-19 patients.
However, the study has some limitations that need to be
addressed. First, the sample size of the clinical specimens is
very small (n = 6) and may not be representative of the general
population. Second, the authors do not provide any information
on the specificity and sensitivity of their method, which are
crucial parameters for evaluating the accuracy and reliability of
any diagnostic test. Third, the authors do not compare their
method with other existing or emerging methods for SARS-CoV-
2 antibody detection, such as lateral flow assays, fluorescence
immunoassays, or biosensors based on other transduction
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mechanisms. Therefore, the article could be improved by
increasing the sample size, reporting the specificity and sensi-
tivity of the method, and conducting a comprehensive
comparison with other methods.

Each work presents a unique approach, highlighting the
versatility and effectiveness of the probes in different contexts.
This type of biosensor can reach low detection limits, is less
reactive and takes less time compared to RT-PCR, presenting
great potential for large-scale production.®®®>7*#* An innovation
in the area of electrochemical biosensors is the possibility of not
using probes in the detection process, but rather materials that
undergo redox reactions on their own, making the process more
economical. Biosensors without the use of probes such as the
ferri/ferrocyanide pair and methylene blue are described below.

3 Impedimetric biosensors for direct
detection of COVID-19

Impedimetric biosensors can be developed using conductive
polymers, which undergo redox reactions by themselves, pre-
senting an R.. value, making the use of electrochemical probes
unnecessary. Conductive polymers are excellent materials for
biosensor construction, having high conductivity, stability,
cost-effectiveness and biocompatibility.”® In these biosensors,
information about the analyte is also detected by using varia-
tions in resistances in the system charge transfer processes,
which occur at the electrode/electrolyte interface. Thus, when
the interaction between the bioreceptor and the analyte
(generally an insulating biomolecule) occurs, there are changes
in the working electrode surface impedance, making the charge
transfer process difficult, increasing the R. value, which is
proportional to the amount of antigen/antibody interactions. In
this type of biosensor, there is no simple absorption of the
antigen on the surface of the electrode, and there is normally an
interaction between the antigen and the conducting polymer
through covalent bonds between functional groups present on
the surface of the polymer and functional groups present on the
antigen, ensuring greater specificity of analysis.*”*®

In the case of COVID-19, impedimetric biosensors were
designed with modified electrodes functionalized with biolog-
ical receptors, such as antibodies or oligonucleotides. An
example of the use of conductive polymers is the work of Hry-
niewicz B. M. et al* (Table 1) which tested two different
morphologies of the conducting polymer polypyrrole (PPy),
globular and nanotubular (NT) morphology, modified with gold
nanoparticles, to detect SARS-COV-2 antibodies in patient
serum. SARS-CoV-2 nucleocapsid protein (N) was immobilized
via the self-assembled thiol monolayer (SAM) methodology.
This methodology was used to allow the covalent binding of the
antigen to the electrode surface. The antibody, in turn, binds to
the antigen immobilized on the electrode surface, forming an
antigen-antibody complex. This antigen-antibody interaction
affects the charge transfer between the electrode and the solu-
tion, resulting in a change in the electrical impedance
measured by the biosensor. This change in electrical impedance
is then used to detect and quantify the presence of antibodies
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specific to SARS-CoV-2 in clinical samples. Both materials
showed good sensitivity and ability to quantify 7.442 and 0.4 ng
mL~" of monoclonal antibody to PPy in globular morphology
and NT, respectively. The PPy-NTs/AuNP electrode showed
better detectability, with better detection and quantification
limit values and greater sensitivity than the PPy:PSS/AuNP
electrode, being tested in serum samples obtained from
hospitalized patients. The PPy-NTs/AuNP platform was able to
identify all positive and negative serum samples tested
successfully. The highlight of the work is the use of polypyrrole
structures decorated with gold nanoparticles for the serological
diagnosis of COVID-19. This innovative approach uses impedi-
metric biosensors and immunosensors to detect the presence of
the virus, offering a promising alternative to traditional
materials.

Santos A. et al.*® used polypyrrole nanotubes modified with
Ni(OH), for the detection of SARS-CoV-2. The entire process of
expression, purification and characterization of the antigen-
binding fragment of heavy chain-only antibodies (VHH) called
Sb#15 and its interaction with the receptor-binding domain
(RBD) of SARS-CoV-2 was described in the article. Bioreceptor
immobilization followed the strategy of using histidine-tag
(His-tag), an interesting and accessible method of immobiliza-
tion. Since it focuses on the protein orientation, the process is
shown in Fig. 6(A), and Ni(OH), was used to correctly guide the
immobilization of the antibody on the surface of the biosensor,
so as to avoid the loss of antigen-binding activity and increase
sensitivity. All the steps of biosensor construction were char-
acterized by EIS and Fourier-transform infrared (FTIR) spec-
troscopy. Infrared characterization indicated the interaction of
antibodies and VHH with Ni(OH), and immobilization was
confirmed by the EIS technique.

Different concentrations of the RBD were used for detection
by biosensors, and a change in R, is evident (Fig. 6(B)), where
there is a tendency for the diameter of the semicircle to increase
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Fig. 6 (A) Schematic representation of biosensor development, (B) EIS
response to different spike protein RBD concentrations in PBS, the
corresponding analytical curves are shown as insets of the figures, and
the representation of the fabricated biosensor using Sb#15-His6 (not-
to-scale). PBS, phosphate buffer saline; RBD, receptor-binding domain
(image taken from the Santos A. et al. article®®).
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with increasing concentrations of the RBD, indicating that EIS
is a good technique for detecting different quantities from the
RBD. The detection of the RBD spike protein of SARS-CoV-2 was
carried out in saliva samples from patients infected by SARS-
CoV-2, with a sensitivity of 93% and specificity of 100%, and the
limit of quantification was determined to be 0.01 pg mL ™" using
recombinant RBD. The work presents an innovative immobili-
zation strategy, using histidine to immobilize the VHH Sb#15
antibody on the surface of the electrode modified with Ni(OH),
through coordination interactions with the nickel ion, which
results in increased sensitivity and the specificity of the device.
The use of PPy gave the biosensor the ability to detect changes
in the system's electrical impedance, allowing the detection of
very low concentrations of antigen. Furthermore, the work
presents a detailed characterization of the materials used in all
stages of the biosensor, a difference in relation to other works in
the literature, which often provide superficial details.

Perdomo et al.,** developed a portable bioprinted (SPCE)
bioprinted carbon-based working electrode modified with para-
aminobenzoic acid (PABA); in this study, PABA was chemically
activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS) was added
to increase the efficiency of EDC reactions, monoclonal anti-
body (mAb) was incubated on the surface, and bovine serum
albumin (BSA) was used to passivate the carboxylic vacancies of
the polymer. The developed biosensor was capable of rapid
diagnosis (~10 min), with high analytical sensitivity (LOD =
1.065 fg mL " and LOQ = 3.6 fg mL™ ") and selectivity for SARS-
CoV-2(S). The analysis time can be considered a significant
improvement over real-time PCR tests, which can take 2 to 3
hours. The use of the EIS technique in the work allowed the
detection of molecular interactions at very low levels, which is
crucial for the early detection of SARS-CoV-2 infections, in
addition to enabling a quick and effective diagnostic time.

It is noteworthy that biosensors using materials that do not
require an electrochemical probe, facilitate the detection
process, leading to a simple methodology and low cost. There
are few studies in the literature that do not use an electro-
chemical probe to detect COVID-19 when compared to the
studies that do use it. The use of materials that function as
probes, such as conductive polymers, without the need to add
a redox couple, presents great potential for study, not only for
detecting COVID-19 but for other diseases, whether infectious
or not. When comparing the ELISA method used at the begin-
ning of the pandemic with the new biosensor methodologies
that emerged during the pandemic period, we can note the
potential of these developed devices, such as faster detection, in
addition to the cost-benefit.

4 Conclusion

This work highlights the growing relevance of electrochemical
biosensors during the COVID-19 pandemic. By combining
electrochemical sensitivity with the specificity of biological
recognition elements, these devices have great potential for the
rapid and accurate detection of SARS-CoV-2 and its associated
biomarkers. In this review, several examples of electrochemical
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biosensors applied to COVID-19 were presented, with a focus on
faradaic biosensors, including those that use redox probes such
as the ferri/ferrocyanide pair, as well as those that use
conductive polymers as the electrode material. These varied
approaches underscore the versatility of these devices to meet
specific diagnostic and monitoring needs in different clinical
settings. The ability to detect SARS-CoV-2 at low concentrations
and in complex samples, such as saliva and serum, makes these
devices valuable allies in tracking and controlling the spread of
the virus, and their selectivity contributes to the improvement
of diagnosis in clinical practice. In addition, the speed and ease
of operation of these biosensors allow for large-scale testing,
making them promising candidates for implementation in
screening and monitoring programs in high-risk communities
and environments.

5 Future perspectives

Impedimetric biosensors have proven to be a simple, low-cost
methodology with great potential for the direct detection of
COVID-19. But even in the market these biosensors are not yet
widespread; the big challenge is in the manufacture of portable
devices of these biosensors, in addition to improving the
materials used in their manufacture, which can detect infec-
tious diseases such as COVID-19 efficiently in any environment,
even if there is a large amount of interference in the sample.
The advances in biosensors shown in this work offer promising
perspectives for the development and application of detection
methods for other infectious diseases in the future.
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