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A Comparative Study of Voltammetric vs Impedimetric
Immunosensor for Rapid SARS-CoV-2 Detection at the

Point-of-care

Cristina Tortolini,’” Antonio Angeloni,” and Riccarda Antiochia

Abstract: Here, a novel biosensing platform for the
detection of SARS-CoV-2 usable both at voltammetric
and impedimetric mode is reported. The platform was
constructed on a multi-walled carbon nanotubes
(MWCNTs) screen-printed electrode (SPE) functional-
ized by methylene blue (MB), antibodies against SARS-
CoV-2 spike protein (SP), a bioactive layer of chitosan

x[b]

(CS) and protein A (PrA). The voltammetric sensor
showed superior performances both in phosphate buffer
solution (PBS) and spiked-saliva samples, with LOD
values of 5.0£0.1 and 30+2.1 ng/mL, compared to 20+
1.8 and 50+2.5 ng/mL for the impedimetric sensor. More-
over, the voltammetric immunosensor was tested in real
saliva, showing promising results.
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1 Introduction

The emergence of the new viral disease COVID-19
highlights the need for fast methods to detect and identify
the target SARS-CoV-2 virus at scale [1]. The SARS-
CoV-2 belongs to the big family of coronaviruses,
identified as human pathogens in the 1960s [2]. There are
currently seven coronaviruses known to infect humans.
Three of them emerged more recently and cause severe,
even fatal disease: SARS-CoV [3], MERS-CoV, [4,5], and
SARS-CoV-2, which emerged in Wuhan, China in late
2019, and then spread rapidly across the globe affecting
billions of people worldwide [6,7].

It is well known that coronaviruses are transmitted
from person to person via respiratory droplets, and /or
aerosols generated when coughing and speaking, and that
also asymptomatic individuals can transmit the disease
[8,9]. Although the COVID-19 vaccination program
reached encouraging results, a successful vaccination of
the global population is a crucial issue to be achieved and,
at the same time, new variants are rapidly emerging.
Therefore, identification of infected individuals based on
reliable diagnostic tests is still the only way to contain the
spread of the virus. In this context, diagnostic tests based
on highly sensitive, simple, fast, low-cost and easy-to-use
detection methods for early diagnosis of COVID-19
continue to be urgently needed [10-15].

Several diagnostic methods of COVID-19 have been
reported, including real-time polymerase chain reaction
(RT-PCR) [16-18], lateral flow immunoassay (LFIA)
[19], enzyme-linked immunosorbent assay (ELISA) [20]
and computed tomography (CT) imaging [21]. RT-PCR
remains the “gold standard” diagnostic method for
COVID-19. However, it has the drawback to be time-
consuming and expensive, requiring both specialized
personnel and laboratories, and with a high false-negative
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ratio [22]. LFIA and ELISA based methods are moder-
ately fast and less expensive, despite having lower
sensitivity and still showing false-negative results [23]. CT
imaging shows better false-negative rates but suffers from
low specificity, as the obtained imaging may overlap with
different viral pneumonia. Moreover, it is not suitable for
point-of-care (POC) testing and early diagnosis [24].

Electrochemical biosensing technologies represent an
interesting compromise between high sensitivity, specific-
ity, low cost, simplicity, rapidity and possibility of on-site
COVID-19 detection [25-30]. Up to now, several bio-
sensors have been developed for SARS-CoV-2 detection
[31-39], some of them still requiring an RNA extraction
step before detection and/or expensive equipment and
trained personnel [33,40-43], Most of them are either
voltametric- or impedimetric-mode based, but no explan-
ation regarding the detection mode utilized is reported.

In the present paper, we describe the development of
a dual-mode disposable electrochemical immunosensor
for SARS-CoV-2 detection based on either differential
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pulse voltammetry (DPV) or electrochemical impedance
spectroscopy (EIS) signals. The selective interaction and
successively binding between the SARS-CoV-2 antibody
and spike protein, both immobilized on the surface of a
MWCNTs electrochemical platform firstly functionalized
with MB, CS and PrA, produces a sudden change in the
redox probe electron transfer kinetics, detectable by
either a decrease of the voltammetric current or an
increase of the charge-transfer resistance (Rep). The
electrochemical performances of the voltammetric and
impedimetric immunosensors were investigated in PBS,
spiked and real saliva samples. The detection methods
were compared, highlighting the advantaged and draw-
backs of each of them. Finally, the voltammetric-mode
immunosensor was tested with a portable potentiostat
enabling wireless smartphone connection and an easy
POC signal readout.

2 Materials and Methods
2.1 Chemicals and Reagents

Methylene blue (MB, dye content, >82 %), chitosan (CS,
low molecular weight: 50,000-190,000 gmol™"), protein-A
(PrA) from Staphylococcus aureus, sodium monobasic
phosphate  (Na,HPO,), sodium dibasic phosphate
NaH,PO,, potassium chloride (KCl), potassium ferricya-
nide (III) (K;[Fe(CN)4]), potassium ferrocyanide (II)
(K,[Fe(CN)y], bovine serum albumin (BSA) were pur-
chased from Sigma-Aldrich (Buchs, Switzerland). SARS-
CoV-2 Spike Antibody (anti-SP, Rabbit MADb), SARS-
CoV-2 Spike S1-His Recombinant Protein (SP, Cat.
Number 40591-VO8H, molecular mass 76.5 KDa), MERS-
CoV spike/S1 protein (S1 Subunit, aa 1-725), Influenza A
H1 N1 (Hemagglutinin/HA Protein) and Influenza B
(Neuroaminidase/NA) were furnished by Sino Biological
Europe GmbH (Eschborn, Germany). All solutions were
prepared in phosphate buffer 10 mM, KCI 0.1 M, pH 7.4
(PBS). High purity deionized water (resistance:
182MQcm at 25°C; TOC<10ugL™") obtained from
Millipore (Molsheim, France) has been used throughout
experiments.

The absence and presence of SARS-CoV-2 in clinical
saliva samples were performed by Hightop SARS-CoV-2
Antigen Rapid Test (Qingdao Hightop Biotecn Co., Itd,
Qingdao, Shandong, China).

2.2 Instrumentation and Electrodes

Electrochemical measurements for platform character-
ization, optimization studies (paragraphs 3.2, 3.3) and
immunosensor analytical performances studies were car-
ried out in a 10 mL thermostated glass cell (model
6.1415.150, Metrohm, (Herisau, Switzerland) with a con-
ventional three-electrode configuration consisting of an
Ag/AgClI/KCl, (198 mV vs. NHE), as reference electrode
(cat. 6.0726.100, Metrohm, Herisau, Switzerland), a glassy
carbon rod as counter electrode (cat. 6.1248.040, Met-
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rohm, Herisau, Switzerland) and a MWCNTs-COOH
functionalized screen-printed electrode (110-CNT, Met-
rohm, Herisau, Switzerland), as working electrode
(MWCNTs SPE), using an Autolab Potentiostat/Galvano-
stat (Eco Chemie, Netherlands).

Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy analysis (EDX) measure-
ments were performed with High-Resolution Field Emis-
sion Scanning Electron Microscopy (HR FESEM, Zeiss
Auriga Microscopy, Jena, Germany).

For the smartphone-based sensing device experiments,
a Sensit/SMART portable potentiostat (PalmSens, Hout-
en, The Netherlands) was used and directly connected to
a smartphone for POC signal reading.

2.3 Electrochemical Measurements

All the electrochemical measurements were recorded
using freshly prepared Zobell’s solution (5 mM solution
of ferrocyanide/ferricyanide [Fe (CN)¢J>”*~ 1.1 ratio, in
PBS pH="7.4 [44].

DPV measurements were recorded by scanning from
—0.2 to 0.6 V, amplitude 20 mV and step potential 5 mV.
Base-line corrections were done for all DPV data using
the NOVA software. Electrochemical measurements were
reported as (I-I°)/I, where I° is the current of the blank
sensor and I is the current after drop-casting of the SP
antigen solutions on the SARS -CoV-2 immunosensor
platform.

EIS experiments were carried out at equilibrium
potential called open circuit potential (OCP) without bias
voltage in the frequency range of 0.1-10° Hz (MWCNTs
SPE electrodes), using an ac signal of 10 mV amplitude at
the formal potential of the redox probe (0.22V vs Ag/
AgCl).

Single-drop analysis on the surface of anti-SP/BSA/
PrA/MB/MWCNTs SPE sensor using DPV and EIS
techniques has been performed as follows: i) separate
solutions of different SP concentrations in PBS and in
saliva were prepared; ii) for single analysis, a 50 pL. drop
was pipetted on to the surface of the sensor; iii)
immediately after applying the drop, a measurement was
carried out. After each measurement, the surface of the
SPE was rinsed with distilled H,O and successively dried
under a stream of N, gas. After this cleaning procedure,
another drop was pipetted, and a new measurement was
performed.

All experiments have been designed with three
replicates (n=3).

2.4 Immunosensor Modification

The sequence of the modification steps employed in the
SARS-CoV-2 immunosensor development is reported in
Scheme 1.

Firstly, MWCNTs SPEs were modified by electro-
polymerization of methylene blue (MB, 0.1 mM in PBS)
by cyclic voltammetry (CV), scanning the potential
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Scheme 1. Sequence of surface modification steps for the anti-SP/PrA/CS/MB/MWCNTs-SPE immunosensor platform preparation.

between —1.0+-1.0V, at v=100mVs™' for 20 scans.
Then, a CS layer (4 uL, 0.5 mgmL™" in 1% (w/v) acetic
acid) was drop-cast on the electrode surface and incu-
bated for 30 min at room temperature (RT). After, 4 uL.
of PrA from S. aureus (4 uL, 45 ygmL™" in PBS buffer)
was dropped on the MB/CS electrode surface for 50 min
at RT. Immobilization of anti-SP was achieved by drop-
casting the antibody (3 uL, 20 uygmL™") onto the PrA/CS/
MB modified electrode surface and let to bind for 30 min
at RT. Finally, the antibody modified electrode was
incubated for 30 min with BSA solution (2 uL, 0.25 % w/
v), used as blocking agent to avoid non-specific inter-
actions. At the end of each modification step, the
modified electrode was washed with distilled water. The
anti-SP/PrA/CS/MB/MWCNTs-SPE immunosensor was
stored at 2-8 °C before use.

2.5 Selectivity Experiments

Selectivity studies of the voltammetric immunosensor
were performed with MERS-CoV, Influenza A, Influenza
B antigens at a concentration of 10 ug/mL and S-protein
at a concentration of 1 ug/mL. After 15 minutes incuba-
tion time of each virus on the anti-SP/BSA/PrA/CS/MB/
MWCNTSs-SPE platform, DPV measurements were con-
ducted in triplicate.

2.6 Clinical Samples Testing

Saliva samples were collected from healthy donors
(attested by negative result by RT- PCR) and from
patients with a wide range of symptoms (positive result by
RT-PCR) with the express consent to such collection of
the person from whom this material was taken, according
to the current legislation. The samples were heated at
56°C for 1h for viral inactivation according to the
appropriate biosafety procedure (2020 CDC COVID-19
test protocol for details on specimen collection). Succes-
sively, the samples of raw saliva (50 uL) were directly
used by drop-casting on the electrode surface and left for
15 min incubation time. They were used immediately or
kept at —80°C until further use.
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3 Results and Discussion

3.1 FESEM and EDX Characterization of the
Immunosensor

The morphological structures of the modified SPEs were
analyzed by field emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy anal-
ysis (EDX). The FESEM images of bare MWCNTs-SPE
displayed the surface consisting of a uniform layer of
carbon nanotubes (Figure 1, panel A). The EDX spec-
trum confirmed the presence of only carbon and oxygen
elements. The atomic percentage of C and O, calculated
from the quantification of the peaks, gave a value of
about 96 and 3%, respectively. The presence of Cl
element is probably due to possible impurities present in
the commercial MWCNTs-SPEs (Figure 1, panel B).
After the MB electropolymerization, a uniformly distrib-
uted MB layer resulted clearly visible on the nano-
modified electrode surface (Figure 1, panel C). Unlike
pristine MWCNTS-SPE, S and N additional peaks
appeared in the EDX spectrum, due to proper MB-
electro-adsorbed functionalization, with an atomic per-
centage, calculated from the quantification of the peaks,
of about 0.3 and 0.1 %, respectively. Although these
values are very small, probably due to the low concen-
tration of the polymer solution employed (0.1 mM), they
still reflect the elemental composition of the MB molecule
(Figure 1, panel D). Finally, the FESEM image of the
anti-SP/PrA/CS/MB/MWCNTs-SPE immunosensor plat-
form is reported (Figure 1, panel E). A macro-structured
surface is clearly visible, confirming that the large anti-
body, protein A, chitosan and BSA biomolecules well
cover the electrode surface. Moreover, the EDX mapping
of the latter platform shows the increased amount of the
N element, due to the presence of chitosan and protein
molecules, and of several heteroatoms, such as Na, P and
K, confirming the successful immobilization of both
protein A and antibody on the nanostructured surface
(Figure 1, panel F).
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Fig. 1. SEM images and EDX spectra for MWCNTs-SPE (panel A and B), MB/MWCNTs-SPE (panel C and D) and anti-SP/BSA/PrA/
magnification 50,000 X; voltage 10 kV.

CS/MB/MWCNTSs-SPE (panel E and F). Experimental conditions:

3.2 Electrochemical Characterization of the
Immunosensor

Differential pulse voltammetry (DPV) and electrochem-
ical impedance spectroscopy (EIS) techniques were
performed to investigate the MWCNTSs-SPE electrode
behavior after each surface modification step (Figure 3A,
B).

The DPV curves relative to the bare and sequentially
modified electrodes are shown in Figure 2, panel A. After
MB electropolymerization, a three-times current increase
(blue curve), compared to bare electrode (black curve), is
observed, according to the excellent electroactive proper-
ties of MB Furthermore, the immobilization of CS
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biolayer and PrA causes a further increase of peak
current (red curve), indicating the enhanced electron
transfer, thanks to the excellent electroconductivity of the
chitosan biopolymer. The DPV curve observed in absence
of PrA does not show any significative difference with the
red curve (curve not shown), attesting that the bioactive
layer of PrA does not show electroconductive properties
under the conditions used, but only a functional role for
the sensor design and biorecognition activity. The PrA
moieties seem to facilitate the proper orientation and
exposure of the antibody sites to epitopes [45].

The further immobilization of antibody and BSA,
used as blocking agent of the non-binding sites of the
sensor surface, causes a visible reduction of the peak
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Fig. 2. A) DPVs of bare (black), MB (blue), PrA/Cs/MB (red), anti-SP/BSA/PrA/Cs/MB/MWCNTSs-SPE (pink) measured in Zobell’s
solution. B) Nyquist plots of bare (black), MB (blue), MB/CS/PrA (red), MB/CS/PrA/anti-SP/BSA (pink) MWCNTs-SPE measured in
Zobell’s solution. Inset: Randles (1) and Randles modified (2) equivalent circuits.

current (pink curve), which indicates that the electron
transfer through the electrode surface is now hampered,
probably due to the insulating nature of both antibody
and BSA molecules, with a consequent decrease of the
effective electrode surface area.

EIS experiments were successively used to confirm
each modification step of the working electrode.

Figure 2, panel B, displays the EIS spectra for the
unmodified and modified electrode surface platforms
performed in the Zobell’s solution. The semicircle of the
Nyquist plot represents the charge transfer resistance
(Rct) of the system, which is strictly related to very small
changes at the interface electrode/electrolyte solution.
After the immobilization of a bio-molecule over the
electrode surface, the electron transfer rate between the
redox probe and the electrochemical double layer re-
tarded, thus causing an increase in Rct value for the redox
probe to access the electrochemical double layer.
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A decrease of the semicircle is initially observed after
the MB electropolymerization step (blue curve) and a
further decrease after the CS/PrA immobilization step
(red curve), proving that both MB and CS films increase
the conductivity at the interface, thanks to their excellent
electroconductive properties. An opposite trend is ob-
served after the immobilization of the anti-SP/BSA on the
modified electrode, showing a large increase of the
semicircle diameter. The covalent binding of antibody and
BSA makes electrode surface more insulating, causing an
electron transfer hindrance and a consequent increase of
the Rct value.

The impedance spectra were fitted by two different
equivalent circuits (inset Figure 2, panel B), depending on
the surface modification. For bare and MB modified
electrodes, a simple Randles circuit [R(Q[RW])] was
successfully utilized (circuit 1). For further modified
electrodes, a different equivalent circuit, comprising two
semi-arc regions and a Warburg element, was proposed
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[R(RQ)(Q[RW])] (circuit 2). The goodness of the fitting
was confirmed by the y* value obtained for each step, as
reported in Figure S1, where it is clearly visible the
agreement between the EIS experimental data (green
circles) and the fitting (blue line) for the anti-SP/BSA/
PrA/CS/MB/MWCNTs-SPE platform. As shown in Ta-
ble 1, the R; value decreased from 974 Q to 264 Q after
the MB modification of the bare electrode, attesting about
73 % decrease, calculated according to the following
equation:

AR, = (Ryy, — Rap) /Ry x 100%

where Ry, is the R, for the bare electrode and Rj, is the
R, for the modified electrode, respectively.

The further addition of the CS layer and PrA showed
a further reduction of the R; value to 85 %. Finally, when
the antibody and BSA were deposited onto the CS/MB/
MWCNTs-SPE, the R, values expressed as R, and R;
increased, as active sites decreased.

The results of EIS perfectly aligned with those
obtained with SEM, EDX and DPV experiments, con-
firming the composition of the electrodes’ surface after
each modification step.

3.3 Optimization Studies

As the developed immunosensor is based on affinity
interactions between S-protein and the specific antibody,
the anti-SP concentration and its binding time on the

ELECTROANALYSIS

modified electrode surface were investigated by DPV
technique. The optimal antibody concentration resulted
to be 20 yg/mL with a binding time of 30 minutes (Fig-
ure S2, panel A and B).

DPV experiments were also used to investigate the
optimum incubation time of SP for different time periods
between 5 and 30 minutes. The maximum current re-
sponse was observed at an incubation time of 15 min
(Figure S2, panel C), demonstrating the reaching of the
electrode surface saturation for the optimized antibody
concentration.

The optimum values obtained were used for further
experiments.

3.4 Response of the Imnmunosensor to SARS-CoV-2
Spike Protein

The response of the anti-SP/BSA/PrA/CS/MB/MWCNTs-
SPE immunosensor against SARS-CoV-2 spike protein
has been evaluated with DPV and EIS electrochemical
techniques.

3.4.1 Voltammetric Immunosensor

The DPV curves and the relative calibration plot of the
anti-SP/PrA/CS/MB/MWCNTs-SPE  immunosensor ob-
tained with different concentrations of SARS-CoV-2
spike antigen in PBS using [Fe(CN),]**" as redox probe,
are reported in Figure 3 (panel A and B). When the
antigen is specifically attached to the antibody, the probe

Table 1. Comparison of Ret values of bare and modified MWCNTSs-SPE after each modification step.

Modification step MWCNTs-SPE
R, R, Qi1 ° Qup0* W x'x107°
(Q/cm?) (Q/em?) (Qs™) (Qs™) (uQs'?)
Bare* 974 - 1.83 - 415 0.2
MB* 264 - 0.11 - 366 0.3
MB/CS/PrA** 147 233 0.020 0.59 376 2.9
MB/CS/PrA/anti-SP/BSA** 150 486 0.016 0.82 363 34
* Data obtained by using circuit 1; ** data obtained by using circuit 2.
B 1.0
< o y=028x +041
:,1 :5 RP=0992
40 Opgmt’ = 08 VI';SGZSSXA* ol
yRiSDZgSXW+Uan
30 06
10 10ugmL" 02
o === 00
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’ ’ ’ ’ Cpg lugimL)
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Fig. 3. (A) DPV peak currents of anti-SP/BSA/PrA/Cs/MB/MWCNTSs-SPE immunosensor for different SP concentrations (0.01, 0.05,
0.1, 0.2, 0.5, 1.0 ug/mL); (B) Calibration plot for the normalized (I-I,)/I, ratio, n=3, in PBS (black curve), in spiked-saliva samples (red
curve) and in spiked-saliva by using the Sensit/SMART (blue curve). Experimental conditions: 5 mM [Fe (CN)]**~ in 0.1 M PBS,

pH="7.4; 3 uL anti-SP 20 pg/mL and 30 min antibody binding time.
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electron-transfer is hindered, as observed by the pro-
gressive peak current decrease. A linear plot according to
the DPV measurements expressed as I-Iy/I, ratio, where
I, is the peak current value of the biodevice without
antigen and I is the peak current value of the modified
voltammetric sensor, measured with different antigen
concentrations, was obtained. The immunosensor demon-
strated a linear dynamic response to SARS-CoV-2 spike
protein between 0.01 uyg/mL and 1.00 pg/mL (Figure 3,
panel B, black curve). The linear regression equation
obtained by fitting the data point was y=0.28 x+0.41,
with a correlation coefficient of 0.990. The limits of
detection (LOD) and quantification (LOQ) have been
calculated as 5.0+0.1 ng/mL and 15+0.3 ng/mL, respec-
tively, according to the 3o/m formula, where o represents
the standard deviation of the blank and m indicated the
slope of the calibration plot.

The proposed immunosensor was successively tested
in SARS-CoV-2 spike protein spiked-saliva samples.
From the DPV curves (not shown), the calibration plot
has been constructed at a concentration ranging from
0.05 pg/mL to 1.00 ug/mL, with LOD and LOQ values
calculated as 30+2.1 ng/mL and 100+4.7 ng/mL, respec-
tively (Figure 3, panel B, red curve). A slightly shorter
linear range and higher LOD and LOQ values have been
observed in spiked saliva compared to PBS solution,
indicating that potential interferents present in the
complex saliva matrix, such as proteins and other
biomolecules, may cause biofouling of the electrode
surface, thus affecting the current signal.

3.4.2 Impedimetric Immunosensor

The EIS spectra obtained after the addition of different
concentrations of SARS-CoV-2 spike antigen diluted in
PBS using [Fe(CN)]** as redox probe are shown as

(R-Ro)IR, (%)

ELECTROANALYSIS

Nyquist plots and reported in Figure 4, panel A. At high
frequencies, the impedance clearly increases at increasing
SP concentrations, thus demonstrating the interaction of
the SARS-CoV-2 SP with the biofunctionalized electrode
surface. The sequential increase of the diameter of the
semi-circles of the Nyquist plot, representing the charge
transfer resistance, is correlated to the stepwise steric
hindrance increase due to the antigen binding. The
relative calibration plot corresponding to the variation of
R, R, /Ry % vs. SP concentration in PBS solution, is
shown in Figure 4, panel B (black curve). The impedimet-
ric immunosensor presents a linear dynamic range
between 0.05 pg/mL and 1.00 pg/mL with a LOD and
LOQ value of 20+1.8 ng/mL and 55+2.6 ng/mL, respec-
tively.

As for the voltammetric immunosensor, the proposed
impedimetric immunosensor has been tested in saliva
samples spiked with SARS-CoV-2 SP, and the corre-
sponding calibration plot is reported in Figure 4, panel B
(red curve). A slightly shorter linear range from 0.1 to
1.0 ug/mL was obtained, with LOD and LOQ values of
50£2.5 and 140£5.3 ng/mL, respectively. Once again,
higher LODs and LOQs are consistent with the more
complex saliva matrix, which implies a decrease of the
sensor sensitivity.

3.5 Selectivity Studies

Cross-reactivity studies were performed by using 4 uL of
MERS-CoV, Influenza A, Influenza B at a concentration
of 10 ug/mL and SP at a concentration of 1 ug/mL. After
15 minutes incubation time of each virus on the anti-SP/
BSA/PrA/CS/MB/MWCNTs-SPE platform, a significant
current decrease has been observed after the interaction
with SP, while very small decreases were registered in the
DPV curves for the other virus tested, although they are

Y=T7.3x +2.4
R’=0.999

1 y=862x+30
R’=0.998

00 02 04 06 08

Cyp(ugimL)

Fig. 4. (A) Nyquist plots of faradaic measurements of anti-SP/BSA/PrA/Cs/MB/MWCNTs-SPE immunosensor at different SARS-CoV-
2 SP concentrations (0.05, 0.1, 0.2, 0.5, 1.0 ug/mL); (B) Corresponding linear calibration plot for the normalized (R-R)/R, ratio, n=3
in PBS (black curve) and in spiked-saliva samples (red curve). Experimental conditions: 5 mM [Fe (CN)J*”*" in 0.1 M PBS pH=7.4;

3 uL anti-SP 20 pg/mL and 30 min antibody binding time
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Fig. 5. Histogram showing selective detection of anti-SP vs. different virus proteins. Experimental conditions: 3 uL of 20 ug/mL of anti-
SP, 30 min immobilization time, on the working electrode of BSA/PrA/CS/MB/MWCNTs-SPE. Then 4 pL of 1 pg/mL SARS-CoV-2
and 10 pg/mL of MERS-CoV-2, Flu A, Flu B, respectively, for 45 min incubation time on anti-SP/BSA/PrA/CS/MB/MWCNTs-SPE.
Each measurement was performed dropping 50 uL of Zobell’s solution on anti-SP/BSA/PrA/CS/MB/MWCNTs-SPE (n=3).

used at 10times higher concentration. These results
clearly indicate no cross-reactivity event against the virus
tested (Figure 5).

3.6 Reproducibility, Repeatability, Stability Studies and
Response Time

To investigate the reproducibility of the voltammetric
immunosensor, five modified electrodes were used to
detect 0.1 pg/mL of SP. The RSD obtained was 2.5 %.
The repeatability was calculated by using the same
electrode platform for five repeated measurement of
0.1 uyg/mL of SP, and the RSD obtained was 1.6 %,
confirming an excellent reproducibility and repeatability
of the proposed immunosensor.

In order to check the long-term stability of the
proposed platform, the life-time of the voltammetric
sensor was evaluated by measuring the peak current every
day over a period of 14 days, after the addition of a
0.1 ug/mL of SP (n=3). After use, the sensor was stored
in PBS at 4°C. The sensor showed a slightly decreasing
trend of the current, maintaining 90% of its initial
response after two weeks, probably thanks to the syner-
gistic effect of electrode surface nano-structuration and
functionalization with CS and PrA, which facilitates and
amplifies the efficient binding of the antibodies and the
subsequent durable immune complex formation with the
target antigens (Figure S3). The results confirm the high
stability of the sensor platform.

As for the immunosensor response time, the voltam-
metric detection allowed a shorter response time of
2 minutes, compared to 10 minutes for the impedimetric
mode-based sensor.
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3.7 Clinical Sample Analysis

To assess the efficiency of the voltammetric immunosen-
sor using clinical samples, saliva samples of 20 healthy
individuals and 10 infected individuals 5 days after
symptoms onset, identified by RT-PCR analysis, were
tested using the proposed voltammetric immunosensor
and a commercially available rapid antigen test (RAT). It
was decided to set 2 pA (Alp) current decrease as thresh-
old for positive samples. We used saliva samples collected
from individuals after drinking a glass of water, in order
to match the requirement of a POC device.

As reported in Table 2, we observed an agreement
with RT-PCR in 9/10 samples for positive results and
18/20 samples for negative results (not shown), which is a
very satisfactory result, indicating a 91.6 % sensitivity and

Table 2. Results obtained from RT-PCR, anti-SP/BSA/PrA/CS/MB/
MWCNTs-SPE voltammetric immunosensor and rapid antigen test
(RAT) for COVID-19 positive patients on saliva samples.

Sample RT-PCR Immunosensor RAT
(nasopharyngeal (saliva) (nasopharyngeal
swabs) swabs)

Patient#1  + + +

Patient#2  + + +

Patient#3  + + +

Patient#4  + - -

Patient#5  + + +

Patient#6  + + +

Patient#7  + + -

Patient#8  + + +

Patient#9  + + +

Patient#10 + + -
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90.0 % specificity for positive and negative samples. By
comparing the accuracy of the proposed immunosensor
and rapid antigen tests in positive samples, the developed
immunosensor responded more accurately, achieving
90 % accuracy, compared to 70 % accuracy of the RAT,
used a comparison. It is interesting to note that the
proposed immunosensor seems to reduce false-negative
results, compared to the commercially available RATs.

Finally, it is interesting to note that by comparing the
two proposed immunosensors to other voltammetric and
impedimetric COVID-19 biosensors recently reported in
literature, the impedimetric immunosensor shows superior
performances [46-49], while the voltammetric immuno-
sensor is within acceptable limits [32-34,50-54]. However,
it must be highlighted that most voltammetric immuno-
sensors reported in literature are DNA-based sensors,
which detect the viral genes after a viral RNA extraction
step, followed, in some cases, by an amplification step
[40,55]. Otherwise, the proposed immunosensor offers the
advantages of direct and quick detection of SARS-CoV-2
without any further treatment of the specimen.

4 Conclusions

Here we report a comparative study between voltammet-
ric and impedimetric SARS-CoV-2 immunosensors, based
on the same anti-SP/BSA/PrA/CS/MB/MWCNTs/SPE
platform. Both sensors showed promising results and
potential for detection of SARS-CoV-2 SP in PBS and
spiked-saliva samples with good sensitivity. Our study
suggests some advantages of the voltammetric sensor in
terms of wider linear range, lower detection limit, shorter
response-time and lower costs. Stability, operational
simplicity, reproducibility and repeatability are compara-
ble for both immunosensors, being related to the electro-
chemical platform characteristics and totally independent
on the sensing detection mode.

Moreover, the voltammetric immunosensor showed
excellent selectivity and accuracy for the detection of
COVID-19 in real saliva samples and a perfect agreement
with RT-PCR results, demonstrating that saliva represents
a suitable and undervalued resource for COVID-19 test-
ing. Further, the proposed voltammetric sensor showed
satisfactory results when used with a portable potentiostat
directly connected to a smartphone for POC signal
reading.

For these reasons, the proposed immunosensor plat-
form with voltammetric detection would be suitable to
implement POC testing for COVID-19 telemedicine care
and remote monitoring.
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