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During the COVID-19 pandemic, electrochemical biosensors have shown several advantages including accuracy,
low cost, possibility of miniaturization and portability, which make them an interesting testing method for rapid
point-of-care (POC) detection of SARS-CoV-2 infection, allowing the detection of both viral RNA and viral an-
tigens. Herein, we reviewed advancements in electrochemical biosensing platforms towards the detection of
SARS-CoV-2 based on voltametric and impedimetric transduction modes, highlighting the advantages and
drawbacks of the two methods.

1. Introduction

COVID-19 pandemic caused by the SARS-CoV-2 virus is the most
challenging health issue in recent years, because of its social and eco-
nomic impact on several aspects of human life [1-4]. The development
of rapid and reliable tests for COVID-19 diagnosis has a crucial role to
prevent further infections in order to reach a pandemic control [5-8].
Although RT-PCR still remains the gold standard method to detect SARS-
CoV-2, antigen rapid detection tests are commonly used to detect the
viral proteins and, although they are less sensitive than molecular tests,
have the advantages to be relatively inexpensive and to give a fast
response at the point of care [9-15]. Most of them are based on immu-
nochromatographic lateral flow assays, which satisfy the so-called
ASSURED (affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free and deliverable to end users) criteria, guidelines
provided in 2003 by the World Health Organization (WHO) for ideal test
that can be used at all levels of the health care system [16].

Land and coworkers in a recent paper published on Nature [17],
proposed the acronym REASSURED, adding two additional criteria of R
(real-time connectivity) and E (ease of specimen collection) into the
original acronym ASSURED. Future diagnostics should fulfill the need of
incorporating new technological elements to provide real-time data and
to overcome the difficulties in specimen collection and/or processing,
which may limit scaling-up of diagnostics in resource-limited areas.
With the rapid development of digital technology and mobile health (i-
health), a new generation of devices and tests is emerging which
combine the ASSURE criteria with the novel needs expressed by the
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REASSURED criteria, in terms of non-invasive and easy specimen
collection and transmission of test data after proper analysis to provide
feedback for immediate patient treatment or for surveillance. Electro-
chemical biosensors can be used as antigen rapid detection devices
which fulfill the more recent REASSURED criteria. For this reason, they
are attracting considerable attention in the COVID-19 management
[18-20], provided that they yield detection limits in the pico/nano-
molar range [19,20].

Various types of electrochemical biosensors including potentio-
metric, voltametric, impedimetric and field-effect transistor (FET)-based
have been applied to the detection of SARS-CoV-2 [21-27]. They mea-
sure changes in potential, current, resistance and conductance, respec-
tively, as a consequence of the biological binding events at their
electrode’s surfaces. This review focuses on voltametric and impedi-
metric biosensing detection, summarizing the design and features of the
biosensors realized in the current pandemic, highlighting the analytical
performances, advantages and drawbacks of each of them. Finally,
perspectives of voltametric and impedimetric biosensors as a potential
detection tool for COVID-19 managing is discussed.

2. Electrochemical biosensors for COVID-19

Electrochemical biosensors reported in literature for SARS-CoV-2
detection can be classified by type of transducer or bioreceptor. In
particular, they can be divided in voltametric and impedimetric bio-
sensors, depending on the transducer type being used, and in immuno-
sensors, DNA-sensors, and aptasensors depending on the biorecognition
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Fig. 1. Schematic classification of electrochemical biosensors for SARS-CoV-2 detection reported in literature. List of abbreviations: ABBs = affinity-based bio-

sensors; MIP = molecular imprinted polymer; VIP = virus imprinted polymer.

element.

In the fabrication of the electrochemical biosensors, conducting
nanomaterials have been often used in transducer elements, providing a
suitable path for immobilizing the biorecognition elements and a large
increase of the catalytic activity of the sensor, in order to overcome
sensitivity and selectivity problems [28,29]. Nanostructures represent
important new components in recently developed electrochemical bio-
sensors for COVID-19, such as the use of nanoparticles as electro-
chemical labels for DNA-sensing, or graphene and carbon nanotubes for
electrode materials. Moreover, synergies in nanotechnology and bio-
electronics have revealed new possibilities to miniaturize and to opti-
mize existing microscale devices at the nanoscale [30-32].

The classification in this review is organized by type of transducer.
For each transducer a further subdivision is carried out based on type of
bioreceptor.
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2.1. Voltametric biosensors

Voltametric biosensors are electroanalytical devices where the in-
formation about an analyte is obtained by measuring a current as a
function of a potential variation. The peak current value obtained over
the linear potential range is directly proportional to the analyte bulk
concentration. Amperometric biosensors are a particular type of volta-
metric biosensors, where the current is measured during time at a con-
stant potential. For the development of the voltametric biosensors for
SARS-CoV-2 three voltametric techniques have been used, differential
pulse voltammetry (DPV), square wave voltammetry (SWV) and crono-
amperometry [6].

Classifying by the type of the biorecognition element, the voltametric
biosensors reported in literature for COVID-19 con be subdivided in
immunosensors for the detection of the viral antigen, molecularly-
imprinted (MIP) sensors, DNA-sensors and aptasensors for the
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Fig. 2. Schematic representation of the electrochemical immunosensors for SARS-CoV-2 detection proposed by Fabiani et al. [32]. List of abbreviations: CB = carbon
black; SPE = screen printed electrode; MBs = magnetic beads; MAb = monoclonal antibodies; PAb = polyclonal antibodies anti-S = antibodies against Spike protein;

anti-N = antibodies against Nucleocapsid protein; AP = alkaline phosphatase.
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Fig. 3. Schematic representation of the electrochemical immunosensors for SARS-CoV-2 detection proposed by Eissa & Zourub [33]. List of abbreviations: SPE =
screen printed electrode; EDC-NHS = ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS); N-protein = nucleocapsid protein; anti N-protein = antibodies

against Nucleocapsid protein.

detection of the viral RNA, as schematized in Fig. 1.

2.1.1. Voltametric immunosensors

A first immunosensor for SARS-CoV-2 detection was realized by
Fabiani et al. [33] using magnetic beads (MBs) as support for the
immunological procedure and a carbon black-modified screen-printed
electrode for the detection of S-protein and N-protein antigens. A
sandwich assay was performed immobilizing antibodies for S and N
proteins on MBs and the binding was evaluated by DPV using secondary
antibody labelled with alkaline phosphatase enzyme. A scheme of the
functioning mechanism of the proposed biosensor is shown in Fig. 2. The
proposed novel sensor configuration demonstrated the capability to
detect S and N proteins in untreated saliva with a LOD of 19 ng/mL and
8 ng/ml, respectively, as well as SARS-CoV-2 in saliva clinical samples,
showing an agreement in 22/24 samples with the data obtained by RT-
PCR using nasopharyngeal swab specimen. Moreover, the sensor
showed no cross-reactivity when tested with seasonal HIN1 influenza
virus and 2009 pH1N1 influenza pandemic and rapid time of analysis
(30 min).

Eissa and Zourob [34] developed a cotton-tipped dual-function
immunosensor for the detection of N-protein antigen. The immuno-
sensor was fabricated by immobilizing the virus antigen on a carbon
nanofiber-modified screen-printed electrode, functionalized using elec-
trografting of carboxyphenyl groups via the reduction of diazonium salt.
The detection of the virus antigen was achieved via swabbing followed
by competitive assay using a fixed amount of N-protein antibody in the
solution. A ferro/ferricyanide redox probe was used for the detection
using SWV technique. The reduction signal of the redox probe at the
functionalized electrode was almost disappeared after the formation of
the carboxyphenyl layer on the electrode surface. The binding of the N-
protein to the modified electrode led to an increase of the reduction
current, because of the shielding of the negatively charged carboxylic
groups of the surface with the antigen, which is positively charged at pH
7.4. The mechanism of the proposed biosensor is schematized in Fig. 3.
The novelty of the proposed dual-function sensor is the versatility of the
platform, which can be used both as sample collector and detection
mode. The immunosensor showed a LOD of 0.8 pg/mL, high selectivity,
as no cross-reactivity with antigens from other viruses such as influenza
A and HCoV.

An ultrasensitive and low-cost telemedicine platform, called SARS-
CoV-2 RapidPlex, has been developed by Torrente-Rodrigues et al.

[35] for simultaneous rapid and remote detection of four COVID-19
biomarkers, N-protein, anti-spike IgG and IgM proteins, and C-reactive
protein (CRP). This multiplex nano-immunosensor provides information
on three key aspects of COVID-19 disease: viral infection (N-protein),
immune response (IgG and IgM), and disease severity (CRP). The
detection of the four selected targets proteins is achieved through
sandwich- (N-protein and CRP) and indirect-based (IgG and IgM)
immuno-sensing strategies onto laser-engraved graphene electrodes
(LEG), modified with 1-pyrenebutyric acid (PBA), used as linker to an-
chor the required receptors (specific antibodies) to the graphene layer.
The nanosensor consists of a four-working-electrode graphene array
designed with an Ag/AgCl reference electrode and a graphene counter
electrode. Chrono-amperometric readings from the four channels are
concurrently taken and data are wirelessly transmitted to a user device
via Bluetooth. Moreover, the sensor showed high sensitivity in spiked
serum and saliva samples, negligible crosstalk between different work-
ing surfaces and no significant cross-reaction for NP, S1-IgG, S1-IgM,
and CRP assays against SARS-CoV and MERS-CoV. Finally, the immu-
nosensor was tested in serum and saliva samples from RT-PCR-
confirmed COVID-19-positive and negative subjects. All positive sam-
ples showed higher signals compared to negative samples, attesting the
accurate evaluation of the COVID-19 biomarkers in both biofluids using
the proposed sensor. Moreover, the elevated levels of the selected targets
found in saliva samples demonstrated the exceptional utility of this
biofluid as a valuable source for non-invasively diagnosing and moni-
toring of SARS-CoV-2 infection.

Another nanosensor based on graphene has been constructed by
Mojsoska et at. [36] for the detection of SARS-CoV-2 spike S1 protein.
The immunosensor was produced by coating the graphene electrode
with a linker suitable to bind the specific antibody anti-spike S1. The
sensor, based on the decrease of the SWV signal of a ferri/ferrocyanide
solution after the binding of the antigen to the modified electrode,
allowed the detection of SARS-CoV- 2 spike S1 protein with a LOD of
260 nM. The sensor described is a proof-of-concept for a fast and simple
immunosensor for SARS-CoV-2 detection but it has not been tested on
real clinical samples.

In a more recent paper, published by Liv et al. [37], a classical glassy
carbon electrode (GCE) and a carbon ink screen printed electrode (CSPE)
were modified with graphene oxide (GO) and successively functional-
ized with the classical ethylcarbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS) to obtain sensitive sensing platforms for SARS-CoV-
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2 spike protein detection. Unlike the DPV signal of the SARS-CoV-2 spike
protein in presence of a redox probe in previous works, the authors
noted that anodic peak current at 1430 mV increased with increasing
SARS-CoV-2 antigen concentrations, due to the oxidation of the hy-
droxyl groups of the spike antibody bound on the screen-printed gra-
phene electrode surface. This can be ascribed to the increasing oxidation
ability belonging to the antigen/antibody specific interaction. Both
biosensors showed a dynamic linear range between 1 ag/ml and 10 fg/
ml with a LOD of 1 ag/ml in PBS, saliva and oropharyngeal swab sam-
ples. However, the GO/CSPE remarked in terms of cheapness, rapidity
and sensor disposability, whereas the GO/GCE in terms of clearness of
the voltammograms registered. The nano-immunosensor showed no
cross-reactivity towards MERS-CoV, pneumonia and influenza A spike
proteins. Although the high overpotential utilized in this study, no other
interaction-disrupting interference effects caused by other interfering
species present in the complex biological matrices analyzed (saliva and
oropharyngeal swab samples) have been registered, attesting that the
proposed immunosensor selectively responds to the SARS-CoV-2 spike
protein. Moreover, it showed 92.5% specificity and 93.3% sensitivity
when compared to RT-PCR, providing great potential for the diagnosis
of COVID-19 in real samples.

2.1.2. Voltametric MIP-sensors

Molecularly imprinted polymers (MIP)-based sensors have also been
studied in recent decades for detection of various biomarkers [38-40].
Raziq et al. [41] developed the first portable electrochemical sensor
integrated with a molecular imprinted polymer (MIP) as a synthetic
recognition element capable of selective detection of SARS-CoV-2 anti-
gen, in particular the 2-nucleoprotein (ncovNP). The sensor was devel-
oped by electrodeposition of poly-m-phenylenediamine on gold-based
thin-film electrodes, successively modified through the generation of
molecular imprints of ncovNP in the polymer film. The rebinding of
ncovNP on the prepared ncovNP sensors was measured by DPV. The
sensor showed a linear response to ncovNP in the range 2.22-111 M,
with LOD value of 15 fM in PBS spiked with ncovNP. Moreover, it was
able to signaling ncovNP presence in nasopharyngeal swab samples of
COVID-19 positive patients, differentiating ncovNP from spike protein
S1 and hepatitis C virus. The MIP-based sensor relies on a completely
different approach compared to currently developed SARS-CoV-2 anti-
gen sensors based on biological receptors, and therefore represents an
interesting alternative for the rapid screening of COVID-19.

2.1.3. Voltametric DNA-sensors

The first DNA-sensor for the detection of the SARS-CoV-2 viral N and
S genes realized by Chaibun et al. [42] is based on isothermal rolling
circle amplification (RCA) [43], for the simultaneous amplification of
two genes, in order to increase the sensitivity and specificity of the
SARS-CoV-2 detection. The assay is based on the hybridization of the
RCA amplicons with probes functionalized with electrochemically
detectable labels. Firstly, circular DNA templates have been designed
with the same capture probe binding sequence for both N and S genes in
order to allow the binding of the probe-conjugated magnetic beads (CP-
MNB) to the RCA amplicons of both genes. Successively, the RCA
amplicons containing both N and S genes were electrochemically
detected by DPV using the respective redox-labeled silica nanoparticles
reported probe (SiNPs-RP). In comparison with PCR-based assays, RCA
can be performed under isothermal conditions with minimal reagents
and avoids false-positive results. Moreover, RCA assay is less compli-
cated compared with other isothermal amplification methods and can be
performed by non-skilled users. The biosensor showed a LOD of 1 copy/
pL, which is a lower value than the average viral load in clinical sample
after early onset (>1x10° copies/ml) [44] and therefore the proposed
DNA-nanosensor can be successfully used to COVID-19 diagnosis at
early stages.

The coupling of smartphones with biosensors allows to deliver in real
time the health data, collected by a POC biosensor, remotely to the
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physician. The combination of telemedicine and biosensing technologies
collecting and transmitting real-time health information may provide
numerous benefits to both health providers and patients, especially
during the highly contagious COVID-19 pandemic [45].

The first electrochemical detection of SARS-CoV-2 with a smart-
phone [46] is reported by Zhao and coworkers [47]. A supersandwich-
type DNA-sensor based on p-sulfocalix[8]arene (SCX8) functionalized
graphene (SCX8-RGO) for SARS-CoV-2 detection of ORFlab gene has
been developed. The method does not require nucleic acid amplification
and reverse transcription, thus avoiding the need to send the samples to
external equipped laboratories. The nanosensor represents the first plug-
and-play diagnostic device for low cost POC testing of COVID-19. The
sensor was initially tested using artificial targets and showed a good
linear range between 1x10™7 to 1x10"12 M with a LOD of 3 aM. Finally,
the sensor was tested in clinical samples samples from RT-PCR-
confirmed COVID-19-positive and negative patients. The detectable
positive rate achieved 85.5% in confirmed patients, attesting the supe-
rior sensitivity of the proposed assay compared to Rt-PCR method. The
LOD of the proposed sensor resulted to be 200 copies/mM, which is the
lowest LOD value reported in literature so far.

Alafeef and coworkers [48] developed a biosensor chip for POC use
for COVID-19 detection, by using gold nanoparticles (AuNPs) capped
with highly specific antisense oligonucleotides (ssDNA) targeting SARS-
CoV-2 viral nucleocapsid phosphoprotein (N-gene), as recognition
element. The nanosensor is composed of a filter paper coated by gra-
phene nanoplatelets to form a conductive film. A gold electrode was
covered by a graphene film and, successively, by gold nanoparticles
(AuNPs) capped with ssDNA probes specific to the SARS- CoV-2 RNA.
The first advantage of the proposed DNA-sensor is that the authors
eliminated the complex RNA amplification step using PCR and intro-
duced the electrical signal amplification from AuNPs. Further, they
eliminated the need for the conventional techniques used for impedance
recordings, such as electrochemiluminescence, cyclic voltammetry, and
EIS, and replaced them by a simple signal conditioning circuit, inte-
grated with a microcontroller and an algorithm for the computer
interface. In the presence of SARS-CoV-2 RNA, the specific RNA-DNA
hybridization led to the change in charge and electron mobility on the
graphene surface, which causes the change in sensor output voltage,
which reached stability in less than 5 min, allowing real time detection.
The sensor provides a broad linear detection range from 584.4 copies/pl
to 5854x10” copies/ul and a limit of detection of 6.9 copies/pL without
the need for any further amplification. The enhanced sensitivity of the
proposed sensor can be explained by the graphene conductive nano-
platelet film and the signal amplifying gold nanoparticles. The sensor is
portable and can be integrated with smartphones [46] for easy and rapid
diagnosis of SARS-CoV-2.

Immunosensors and DNA-sensors described in this review are based
on biological reagents (antibody, antigen, DNA, etc.) and therefore
require time consuming and costly processes for the extraction and/or
fabrication of the biological compounds. Hashemi et al. [49] realized a
nanosensor which does not require any extraction or biological marker
to detect SARS-CoV-2 S-glycoprotein. The proposed device should not,
in principle, be included in the present review, but it has been reported
because of its peculiar characteristics. The sensor is developed on a
carbon screen printed electrode activated upon coating a layer of gra-
phene oxide decorated with 8-hydroxyquinoline (8H), EDC and NHS
coupled with gold nanostars (AuNS). The AuNS/EDC-NHS-8H/GO/SPE
platform can provide more adsorptive capability via various in-
teractions, such as formation of hydrogen bonds and electrostatic in-
teractions between the nano-based catalyst and the functional groups of
the specific viral S-glycoprotein. Moreover, the platform increases the
effective surface area of the nanosensor and catalyzed the surface-
confined oxidation reaction of the adsorbed glycoprotein. The advan-
tage of this sensor is that it does not require any biological marker, such
as antibody, DNA, cells, etc., and the relative processes of extraction
and/or fabrication. It allows the detection of different viruses via the
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differentiable DPV pattern as a fingerprint of each specific viral glyco-
protein at different voltage positions. The sensor is governed by an
adsorption process and allows the detection of SARS-CoV-2 S-glyco-
protein with a LOD of 1.68x1022 ug/ml in 1 min. Moreover, the nano-
sensor showed great performance compared to gold-standard RT-PCR,
showing a sensitivity of about 95% and a specificity of 60%. The
excellent performances of this device achieved without any biological
marker can be totally ascribed to the superior conductivity of the
nanostructured platform which not only increases the electron transfer
rate and electrode surface area of the nanosensor, but also catalyzes the
surface-confined redox reaction of the adsorbed glycoproteins to the
activated electrode surface.

2.1.4. Voltametric aptasensors

Aptasensors are based on “aptamers”, single-stranded oligonucleo-
tide sequences which are able of binding specific targets with high af-
finity, specificity and selectivity. Compared to antibodies, aptamers
show numerous advantages, such as high stability, sensitivity, low cost
of synthesis and easy modification process. Because of these properties,
the use of aptamers has increased exponentially in the design of bio-
sensors in the last decade [50-53].

Tian et al. [54] realized the first aptasensor based on a voltametric
mode with high sensitivity and selectivity for detection of SARS-CoV-2
N-protein. A sandwich structure was fabricated on the surface of a glassy
carbon electrode, modified with thiolated dual aptamers: the nanop-
robe, composed by hemin/G-quadruplex DNAzymes, HRP and Au@Pt
NPs, was dropped onto the GC surface to realize the aptamer-protein-
nanoprobe sandwich structure and catalyzed the oxidation of hydro-
quinone with HyO5, giving rise to an amplified electrochemical signal, as
a result of a synergistic catalysis of Au@Pt NPs, HRP and GQH DNA-
zyme. The proposed aptasensor showed a LOD of 8.33 pg/mL, remark-
able selectivity and good repeatability. Moreover, the sensor was tested
in human serum samples, diluted with PBS, using a commercial ELISA
kit as control showing a good recovery in the range 92-110%.

2.2. Impedimetric biosensors

In the impedimetric-mode biosensing the information about the an-
alyte is obtained by measuring the impedance using the electrochemical
impedance spectroscopy (EIS) technique [23]. The impedance is the
ratio between the sinusoidal potential applied and the current and
represents the opposition of an electrical circuit to the flow of electrons
in an alternating current (AC) circuit, when the electrode is immersed in
a solution containing a redox probe. The results of the impedance
measurement can be graphed using the Nyquist plot for all the applied
frequencies, with the imaginary part of the impedance Z, out of phase,
plotted against the real component, in phase, at each excitation fre-
quency [27]. The interaction between the bioreceptor and the analyte
causes changes in the impedance at the working electrode surface, with
a general trend of the impedance value to increase at increasing the
complexity of the functionalized electrode surface, included analyte
binding, as a consequence of the blocking of the electron transfer sites on
the electrode surface. The AR, (difference between the charge transfer
resistance R, extrapolated from the semicircle of the Nyquist plot, after
and before analyte binding) is directly proportional to the analyte bulk
concentration. Unlike voltametric devices, impedance biosensors are
label free [25].

On the basis of the biorecognition element used, the impedimetric
biosensors reported in literature for COVID-19 belong to the general
class of “affinity-based biosensors” (ABBs) [55], typically with anti-
bodies, aptamers or other specific biological receptors, as illustrated in
Fig. 1.

2.2.1. Impedimetric immunosensors
Zaccariotto et al. [56] utilized the advantageous immobilization of
SARS-CoV-2 antibodies on the reduced graphene oxide electrode to
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develop an impedimetric immunosensor for SARS-CoV-2 S-protein
detection. The EIS technique was utilized using the redox couple [Fe
(CN)G]S'/ 41. The sensor showed two linear segments in the calibration
plot with different slopes. The first segment resulted to be linear for a S-
protein concentration between 0.16 and 1.25 pg/mL, while the second
segment resulted linear for a range of 2.5 to 40 pg/mL S-protein con-
centration, with a LOD of 150 ng/mL. The advantage of the proposed
sensor is the easy functionalization of the GC surface, requiring four
simple steps which can be easily transported to printed carbon for POC
use: i) drop-casting of rGO solution; ii) incubation in EDC-NHS solution;
iii) drop-casting of anti-spike glycoprotein antibody solution; iv)
blocking step with BSA. The immunosensor was tested in spiked saliva
samples showing promising results.

Another impedimetric immunosensor has been developed by Rah-
mati and coworkers [57], by using a screen-printed carbon electrode
modified with proteinA/Cu0 nanocubes for the ordered immobiliza-
tion of the anti-spike protein antibodies. The nanosensor has the
advantage to require no sample pretreatment or labeling. It showed a
very good relationship between Rer and S-protein in the range 0.25 fg/
mL to 1 pg/mL with a LOD of 0.04 fg/mL without any cross-reactivity.
The nanosensor was also tested in biological fluids, such as saliva,
artificial nasal samples spiked with S-protein and UTM (universal
transport medium for viruses), showing satisfactory results.

2.2.2. Impedimetric aptasensors

The only aptamer-based impedimetric sensor for COVID-19 detec-
tion has been developed by Lassere et al. [58] for the sensitive and se-
lective determination of SARS-CoV-2 spike protein S1. The SARS-CoV-2
Optimer sequence has been synthesized at a very low cost (0.01-0.03 UK
pence per test), after validation for target affinity and functional binding
to the SARS-CoV-2 S1 domain. The system presented several key ad-
vantages: i) the use of a simple impedance measurement to determine
the S-protein binding; ii) the use of an Optimer (high stability receptor)
for S-protein detection rather than an antibody, which is known to be
less stable; iii) the use of low cost gold electrodes, which can be easily
produced and functionalized at high volume for mass manufacture.
Moreover, the sensor can be produced at scale, at an ultra-low cost. The
sensor was used for testing in clinical positive and negative samples. The
results show that a significant degree of change in Rct occurs between
the positive and negative samples, in perfect agreement with the trend
obtained with the laboratory-based techniques.

2.2.3. Impedimetric VIP-sensors

Similarly to MIP-based sensors, also virus-imprinted sensors have
been realized for detection of several viruses [59-61]. Hussein et al. [62]
constructed the first impedimetric nanosensor based on a screen-printed
carbon electrode modified with carbon nanotubes/tungsten oxide
(CNTs/WOs3) for imprinting the complete SARS-CoV-2 particles within
the polymer to create virus complementary binding sites. The CNTs/
WOj5 platform was used to enhance the surface performance and whole
virus imprinting. The virus imprinted matrix has been realized by in situ
electrodeposition of polymeric films of poly(meta-aminophenol) in
presence of the whole SARS-CoV-2 particles. EIS responses were
measured before and after the virus binding, and the charge transfer
resistance (AR¢t) was used to draw the calibration curve, by using two
redox mediators, potassium ferrocyanide and 2,6-dichlorophenolindo-
phenol. The sensor reached a satisfied low detection limit of 57 pg/
mL, resulting 27-fold more sensitive than RT-PCR. The advantages of
this sensor include the short time of analysis (10 min) and simplicity of
analysis, as the nasopharyngeal swab can be applied directly on the VIP
chip with no need of equipped laboratory, and possibility of integration
of the sensor chip with a portable electrochemical device, for instanta-
neous and simple POC detection.

The MIP sensor based on a voltametric mode described in the pre-
vious paragraph showed a much higher sensitivity, with a LOD of 15 fM.
However, a nucleic acid extraction step was utilized, whereas the
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Table 1
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Comparison of voltametric biosensors reported for COVID-19 diagnosis. List of abbreviations: CNT = carbon nanofiber; MBs = magnetic beads; CB = carbon black;
AuNS = gold nanostars; GO = graphene oxide; 8-hydroxyquinoline (8H), 1-ethyl-3-(3-dimethylamino- propyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS);
PBASE = 1-pyrene butyric acid N-hydroxysuccinimide ester; AuTFE = thin film gold electrode; ncovNP = 2 nucleoprotein; MIP = molecular imprinted polymer; LEG =
laser engraved graphene; NP = nucleocapsid protein; CRP = C reactive protein; PBA = 1-pyrenebutyric acid; SCX8-RGO = p-sulfocalix[8]arene -graphene oxide; TB =
toluidine blue; VIP = virus imprinting polymer; CE = carbon electrode; OPS = oropharyngeal swab; nanoprobes = hemin/GQH DNAzyme, HRP, Au@Pt/MIL-53; CP-

MNB = capture probe magnetic beads; SiNPs = silica nanoparticles.

Sensor Technique Biomarker Biosensor Platform Nano- Biosensor Sample Linear range LOD References
sensor format
immunosensor DPV MBs/CB/SPE/S- no label-based saliva - 19 ng/mL
S-protein protein Ab sandwich 8 ng/mL [32]
N-protein MBs/CB/SPE/N-
protein Ab
immunosensor  SWV CNF-SPE/N-protein no label-free - 0.8 pg/mL
N-protein competitive - [33]
immunosensor  amperometry NP LEG/PBA/N-protein yes double sandwich serum 0.1-0.8 pg/mL
Ab (label-based) saliva 0.5-2.0 ng/mL [34]
S1-1gG indirect serum 20-40 pg/mL -
LEG/PBA/S1-protein (label-based) saliva 0.2-0.5 pg/mL
S1-IgM Ab indirect serum 20-50 pg/mL
(label-based) saliva 0.6-5.0 pg/mL
CRP LEG/PBA/S1-protein sandwich serum 10-20 pg/mL
Ab (label based) saliva 0.1-0-5 pg/mL
LEG/PBA/CRP Ab
immunosensor ~ SWV S1-protein PBASE-graphene/S1- yes label free PBS - 260 nM [35]
protein Ab
immunosensor ~ DPV S-protein BSA/EDC-NHS-GO/ yes label free PBS 1 ag/mL- 1 ag/mL [36]
SPE/spike Ab Saliva 10 fg/mL
OPS
MIP-sensor DPV ncovNP ncovNP-MIP/Au-TFE no label free PBS 2.22-111 fM 15fM [40]
DNA-sensor DPV N-gene CP/MNB/SiNPs/ yes sandwich serum 1-1x10° copy/ pL 1 copy/mL
S-gene SPCE/ (label-based) saliva [41]
ssDNA
DNA-sensor DPV ORFlab SCX8-RGO/TB/ssDNA  yes sandwich PBS 1x107-1x102 M 3 aM
(label-based) clinical 200 [46]
samples copies/mL
DNA-sensor voltage N-gene ssDNA/AuNPs/ yes label free saliva 585.4-5.854x107 6.9 copies/  [47]
output graphene copies/{} pL
sensor DPV AuNS/EDC-NHS-8H/ yes label free 0.1 pM —1 mM 1.68x10°
S- GO/SPE PBS 22\1g/mL [48]
glycoprotein
aptasensor DPV N-protein nanoprobes/N- yes sandwich 0.025-50 ng/mL 8.33 pg/
Protein/MCH/Dual- (label-based) PBS mL [53]
aptamer/GE

designer VIP-sensor does not rely on any sample preparation/extraction.

2.2.4. Impedimetric receptor-based sensors

In some cases, immunosensors based on antigen-antibody interac-
tion may lack high accuracy and effectiveness towards COVID-19 mu-
tations. More accurate interactions are required for a more sensitive and
selective detection [63]. Torres and coworkers [64] proposed “RAPID”,
an impedimetric biosensor able to detect SARS-CoV-2 S-protein within 4
min, by transforming the biochemical information from the specific
molecular binding event between SARS-CoV-2 S-protein and
angiotensin-converting enzyme-2 (ACE2) into an electrical signal. The
binding between these two molecules causes a change in interfacial
electron transfer kinetics of the redox probe and the electrode surface,
detectable by measuring the Rct value. The electrodes were prepared by
a screen-printing process on a phenolic paper using electrically
conductive carbon and successively functionalized by drop-casting
method by cross-linking ACE2 using glutaraldeyde, BSA as blocking
agent and Nafion solution to protect against electrode surface
biofouling. The sensor was firstly tested in spiked PBS and saliva solu-
tions showing a LOD of 2.18 fg/mL and 1.39 pg/mL, respectively. Suc-
cessively, its diagnostic capability was assessed in titrated solutions of
inactivated SARS-CoV-2 and it showed a LOD of 1.16 PFU/mL, which
corresponds to a viral load corresponding to day 2 or 3 after symptoms
onset. Finally, the performance of RAPID was assessed in positive and

negative clinical saliva samples, previously tested by RT-PCR. The
sensitivity of RAPID remains high also in real saliva samples (100%),
with high specificity (86.5%) and high accuracy (90%), thus high-
lighting the reliability of the proposed method. Moreover, the authors
demonstrated the applicability of the sensor in a portable potentiostat
connected to a smart device.

Another impedimetric biosensor based on the ACE2/S-protein
interaction has been developed by Biiyiiksiinetci and coworkers [65]
for SARS-CoV-2 S-protein detection. The biosensing platform and the
sensor mechanism were slightly different: a gold screen printed working
electrode was modified by adding ACE; using EDC/NHS as linker
mixture, as already used by Liv et al. [37], and after the S-protein/re-
ceptor binding the trasmembrane protease serine 2 (TMPRSS2) enzyme
was put onto the electrode surface to cleave the S2 subunit of the SARS-
CoV-2 protein. The biosensor allowed the detection of SARS-CoV-2 spike
protein in a large linear range interval with two different linearity
slopes, from 700 to 1500 ng/mL and from 1500 to 7000 ng/mL with a
LOD of 299.30 ng/mL. The sensor showed no cross-reactivity towards
H1N1, H3N2 and influenza A spike proteins and very good correlation
with the results obtained with RT-PCR on real samples of positive and
negative patients.

A third biosensor based on ACE2 enzyme immobilized into a layer
with amphiphobic character has been realized by Vezza et al. [66] for S1
protein detection. A perfluorocarbon SAM (PFDT-SAM) is deployed on a
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Comparison of impedimetric biosensors reported for COVID-19 diagnosis. List of abbreviations: CuO NCs = Cu,O nanocubes; Prot A = protein A; WO3 = tungsten
oxide; TFGE = thin film gold electrode; GA = glutaraldehyde; ACE2 = angiotensin-converting enzyme-2; ABB = affinity-based biosensor; PFDT = 1H,1H,2H,2H-
perfluorodecanethiol; PCB-AuE = printed circuit board gold electrode; VTM = viral transport medium.

Sensor Technique  Biomarker Biosen Nano- Biosensor Linear range LOD
sor Platform sensor format Sample References
Immunosensor  EIS EDC-NHS/rGO/GC/S- yes label free 0.16-1.25 pg/mL 150 ng/mL
S-protein protein Ab PBS 2.5-40 pg/mL [55]
immunosensor EIS BSA/S-protein Ab/ yes label free 0.25 fg/ml —1 pg/ 0.04 fg/mL
S-protein ProtA/Cu,0 NCs/SPCE PBS mL [56]
aptasensor EIS S-protein TFGE/SARS-CoV-2 no label free PBS - - [57]
Optimer
VIP-sensor EIS CNTs/WO3/SPCE yes label free - 57 pg/mL
SARS-CoV-2 PBS 3.7 copy/ [61]
virus mL
ABB EIS ACE2/GA/SPE/ACE2 no label free 10 fg/mL-100 ng/ 2.18 fg/mL
S-protein PBS mL 1.39 pg/mL [63]
saliva 100 fg/mL-100
ng/mL
ABB EIS S-protein EDC/NHS/AuSPE/ no label free PBS 700-1500 ng/mL 299.3 ng/ [64]
ACE2 1500-7000 ng/mL ~ mL
ABB EIS S-protein PFDT-SAM/PCB-AuE/ no label free PBS - 1.68 ng/mL [65]
ACE2 VIM 38.6 copies/

mL

printed-circuit board (PCB) gold electrode to form a layer which facili-
tates the immobilization of ACE2 via its hydrophobic tail and at the
same time shows anti-fouling properties [67]. The sensor showed a LOD
of 1.68 ng/mL with recombinant S-protein and a LOD of 38.6 copies/mL
when evaluated with inactivated virus and specificity against IL-6 and
streptavidin. As the RNA levels of SARS-CoV-2 in saliva samples have
been estimated between 104 and 1013 copies/mL [68], the results of the
proposed sensor demonstrated that it can be used for SARS-CoV-2
detection in saliva samples. The only limitation of the proposed sensor
is the time of analysis of about 30 min, which is still competitive but
further optimization studies are suggested to reduce the overall assay
time.

Tables 1 and 2 summarize the voltametric and impedimetric bio-
sensors for SARS-CoV-2 detection scanned in this review, highlighting
sensor type, technique, biomarker, sensor platform, and analytical
performances.

3. Conclusions and future perspectives

This review describes the two main electrochemical sensing modes
used in recent electrochemical biosensors for COVID-19 detection,
highlighting the significant advances in this field.

Both voltametric and impedimetric sensors are powerful, non-
destructive and sensitive techniques which can be used to study the
electrical properties of the sensing device interface. Unlike voltametric
mode-based biosensors, the application of the impedimetric-mode as a
transduction technology has allowed the label-free detection. This is a
great advantage as the labeling process may need extra reagents and
extra preparation processes, thus enhancing the overall time and costs.
However, the impedimetric-mode shows the disadvantages to generally
require longer times of analysis (10-30 min, compared to 2-3 min of the
voltametric-mode biosensors) and a more expensive instrumentation.

Due to their simple design and tunable properties, both methods can
utilize the classical capture elements as biorecognition elements, such as
antibody and DNA, but also different biomolecules such as aptamers,
receptors, which are more suitable to cope with the different mutations
of the SARS-CoV-2 virus, thus enhancing the accuracy of the sensors.
Voltametric aptasensors are among the most sensitive biosensors,
allowing the detection of the femtomolar. Similar sensitivity was
reached with the impedimetric biosensor based on the specific ACE2

receptor [64].

The incorporation of nanomaterials (graphene, carbon nanotubes)
has resulted in their improved sensitivity and selectivity [69,70]. Bio-
sensors with biomolecules immobilized on different functional nano-
materials display an increased number of binding sites, and therefore
enhanced stability, and facile electron transfer. The interaction between
two unique materials, nano and biological, represents the key point of
the biosensor performances, as demonstrated by Liv et al. [37] with the
nano-immunosensor, which yielded attomolar range.

In conclusion, both voltametric and impedimetric-mode based bio-
sensors for COVID-19 are promising alternatives to currently available
point-of-care (POC) tests [71]. However, in addition to the limitations
highlighted, none of the reviewed sensors met the WHO acceptable
minimum requirement for true positive and true negative detection
rates, stated as 80% and 97%, respectively [72,73]. Some of the sensors
met the former requirement, but none met the latter. Therefore, the
detection accuracies (particularly the true negative/false positive rate)
need to be significantly improved before the sensors could be translated
into POC devices for commercial use.
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