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a b s t r a c t   

The projection of new biosensing technologies for genetic identification of SARS-COV-2 is essential in the 
face of a pandemic scenario. For this reason, the current research aims to develop a label-free flexible 
biodevice applicable to COVID-19. A nanostructured platform made of polypyrrole (PPy) and gold nano
particles (GNP) was designed for interfacing the electrochemical signal in miniaturized electrodes of tin- 
doped indium oxide (ITO). Oligonucleotide primer was chemically immobilized on the flexible transducers 
for the biorecognition of the nucleocapsid protein (N) gene. Methodological protocols based on cyclic 
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and atomic force microscopy (AFM) were 
used to characterize the nanotechnological apparatus. The biosensor’s electrochemical performance was 
evaluated using the SARS-CoV-2 genome and biological samples of cDNA from patients infected with ret
rovirus at various disease stages. It is inferred that the analytical tool was able to distinguish the expression 
of SARS-CoV-2 in patients diagnosed with COVID-19 in the early, intermediate and late stages. The biosensor 
exhibited high selectivity by not recognizing the biological target in samples from patients not infected with 
SARS-CoV-2. The proposed sensor obtained a linear response range estimated from 800 to 4000 copies µL−1 

with a regression coefficient of 0.99, and a detection limit of 258.01 copies µL−1. Therefore, the electro
chemical biosensor based on flexible electrode technology represents a promising trend for sensitive 
molecular analysis of etiologic agent with fast and simple operationalization. In addition to early genetic 
diagnosis, the biomolecular assay may help to monitor the progression of COVID-19 infection in a novel 
manner. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

At the end of 2019, Wuhan province (Hubei, China) reported 
atypical clinical cases showing similar viral pneumonia symptoms. 
In January 2020, genome sequencing identified a new coronavirus 
related to a respiratory disease named SARS-CoV-2, a single- 
stranded positive-sense RNA virus (+ssRNA), enveloped and shaped 

like a crown, belonging to the β-coronaviruses genus [1]. An evolu
tionary analysis concerning 160 complete genomes of SARS-CoV-2 
revealed grouping of three central variants characterized by amino 
acid changes. Its genome revealed three main conserved target se
quences i) RNA-dependent RNA polymerase gene (RdRp gene), ii) 
envelope protein gene (E gene), and iii) nucleocapsid protein gene 
(N gene). Because of the error rate of its RNA-dependent RNA 
polymerase (RdRP), mutations and frequent recombination are 
common, thus accelerating the evolution and adaptation to the host 
processes [2]. 

The viral structure consists of 5 proteins, namely: the nucleo
capsid protein (N), with the function of packaging the RNA genome; 
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membrane proteins (M) that bind to nucleoproteins to form the 
nucleus structure; the viral envelope consisting of the union of 
protein M, an envelope protein (E) and spike protein (S), the latter 
being responsible for facilitating the entry into host cells through 
receptors such as the angiotensin-converting enzyme 2 (ACE2) 
abundantly found in lung and small intestine epithelia [3]. According 
to Iqbal et al., the replication cycle of SARS-CoV-2 involves mem
brane fusion or endocytosis mechanism; release of viral genome; 
translation of viral polymerase protein; RNA replication; sub- 
genomic transcription; translation of viral structural protein; viral 
structural proteins combination with nucleocapsid; formation of 
mature virion; and release of mature virion via exocytosis me
chanism. At this point, the mature virion is enabled to continue the 
infection of a new target [4]. 

Human-to-human transmissibility R0 fluctuates but has always 
been estimated above 1 [5]. Current evidence suggests that its in
fective efficiency is favored by the inhalation of droplets produced 
during coughs, speaks, or sneezes and through contact with con
taminated fomites. Measurements of infective viral titers have been 
detected during the asymptomatic incubation period (determined 
between 1 and 8 days), however after day 8 no isolates were ob
tained despite ongoing high viral loads. Nevertheless, titers vary 
according to the patient’s medical history, and great caution is ad
vised at all stages to minimize risks [6]. 

Few distinct stages have been observed in clinical samples from 
Germany and China during the viral dynamics of SARS-CoV-2. For 
instance, during the initial stage from day 0 (641 copies mL−1), viral 
titers increase rapidly, reaching a first peak (4–6 days after first 
symptoms) ranging around 104 to 108 copies mL−1. At this point, 
lymphocyte response is activated, and a plateau phase can be ob
served. At the last stage, viral titers decline due to the adaptive 
immune response (after day 8). Nevertheless, some patients present 
late seroconversion, and therefore viral reinfection and viral per
sistence are expected [7,8]. 

The quantitation of viral titers could help to monitor not only the 
disease’s evolution but to evaluate the effect of therapeutic inter
ventions design to tackle SARS-CoV-2 infection. In this context, nu
meric simulations have shown the effectiveness of combined anti- 
inflammatory treatments, antiviral drugs and interferon in reducing 
the duration of the infection’s plateau phase and improving the time 
of recovery [9]. Despite its long response time and relatively com
plicated operation, real-time quantitative reverse transcription- 
polymerase chain reaction (qRT-PCR) is the current protagonist 
method for detecting viral RNA. The minimum laboratory response 
time is foreseen between 2 and 4 h and may extend up to 1 week if 
the samples need to be sent to public health laboratories designated 
by health authorities. Of note, the diagnostic evaluation via qRT-PCR 
needs to be carried out in certified laboratories with expensive 
equipment and highly trained technicians. Such limitations hinder 
the fast and simple diagnosis of suspected patients and monitor 
infected patients. 

With the current information about the multiple biomarkers 
available to develop molecular and immunological tools to detect 
SARS-CoV-2 [10], a portable point-of-care test device to identify 
SARS-CoV-2 could be an excellent alternative to reach marginalized, 
rural and distant communities. Electrochemical biosensors are 
known for their sensitivity, specificity and accuracy, and their 
potential portability and affordability. The measured signal is 
defined as an increase or a decrease in electrochemical response 
of the electrode as a result of the target concentration, which is 
measured either through the electron transfer or the electron 
transfer resistance. 

In this work, we developed a genetic biosensor for the evaluation 
and monitoring of human SARS-CoV-2 infection. The device can 
discriminate the early, intermediate, and late infection phases in 
amplified cDNA patient samples. Conserved SARS-CoV-2 sequences 

were covalently tethered to an electropolymerized pyrrole-gold 
nanoparticles (PPy-GNP) transducer, which was used as a working 
electrode in an electrochemical set-up. In the case of SARS-CoV-2 
positive samples, the target sequence will hybridize to the primer, 
thus inducing the transduction of the biorecognition event into a 
quantifiable change proportional to its concentration. This platform 
addresses a key element of traditional nucleic-acid detection assays 
while reducing the overall cost and achieving low detection limits 
comparable to qRT-PCR-based tests. Using flexible devices, we 
combine the portability with sensitivity and selectivity of the de
tection of SARS-CoV-2 at laboratory-level in biological samples. 

2. Materials and methods 

2.1. Reagents and solutions 

Tin-doped indium oxide (ITO), pyrrole monomer, tetra
chloroauric acid trihydrate (HAuCl4.3H2O), cysteamine (Cys), po
tassium ferricyanide (K3[Fe(CN)6]), potassium ferrocyanide (K4[Fe 
(CN)6]), bovine serum albumin (BSA), hydrochloric acid (HCl), glu
taraldehyde and sodium phosphate buffer reagents were obtained 
from Sigma Aldrich (St. Louis, MO, USA). Milli-Q plus water pur
ification system (Millipore, Billerica, USA) was used to obtain deio
nized water. 

2.2. Oligonucleotide primers and biological samples 

The amino-modified primer was synthesized by Exxtend 
Biotecnologia Ltda. (Sao Paulo, Brazil). The oligonucleotide sequence 
(100 pmol µL−1) was diluted in a Tris-EDTA buffer solution (10 mM 
and 0.1 mM, respectively) (pH 8). As a positive control, cDNA plas
mids with SARS-CoV-2 nucleocapsid gene were used, diluted in a 
concentration of 200.000 copies µL−1. To assess the limit of quanti
fication and limit of detection, we prepared a serial dilution of the 
plasmid control (800–4000 copies µL−1) using Tris-EDTA buffer so
lution. All primers and probes used in the study were described in  
supplementary information (Table S1), where the binding regions to 
the SARS-CoV-2 N gene are specified. 

The study’s human samples were provided by the Central 
Laboratory of Public Health of Pernambuco, Brazil (LACEN/PE). These 
biological specimens were obtained from nasopharyngeal and or
opharyngeal swabs from patients with suspected COVID-19. To ob
tain SARS-CoV-2 viral RNA, 200 µL of the collected sample were 
transferred to an Eppendorf (1.5 mL) with 200 µL of lysis buffer, 
homogenized and incubated (15–30 °C, 10 min) and then another 
incubation (56 °C, 10 min). Then, QIAamp Viral RNA Mini Kit 
(QIAGEN®, Hilden, Germany) was used and followed the established 
procedure. Finally, we performed the RT-qPCR analysis after RNA 
extraction from real human samples. The biological material was 
collected with the patients’ informed consent and the corresponding 
protocol was approved by the local ethics committee (process n° 
CAAE31093420.4.0000.5208). 

2.3. PCR procedure for validation of clinical samples 

As a reference to the electrochemical analyses, all samples were 
firstly assessed through RT-qPCR (Fig. S1). RT-qPCR tests for diag
nosis of patients used in this study were carried out with comercial 
kit FDA EUA 2019-nCoV CDC, 500 rxn - IDT, USA (Catalog N° 
10006606), following manufacturer's instructions. The commercial 
package FDA EUA 2019-nCo7V CDC is a validated and licensed kit for 
diagnosis, with assured sensitivity and specificity for the identifi
cation of SARS COV2 genetic material. The following primers and 
probes, N1, N2, N3 and RNase P, were evaluated through CDC func
tional test, using the Diagnostic Panel Instruction (List-of-Accep
table-Commercial-Primers-Probes.pdf (cdc.gov)). The authors 
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emphasize that frequently computer analysis is performed to verify 
whether mutations of new variants are detected in the sequence of 
the primers N1, N2 and N3 used. So far, no mutations have been 
found that invalidate the use of the kit for the diagnosis of patients 
positive for SARS-CoV- 2. 

Briefly, following the manufacturer’s instructions, 5 µL of the RNA 
samples were mixed with reagents, specific primers, and probes for 
SARS-CoV-2. The procedure was applied to four targets (N1, N2, N3, 
and RP). Cycling parameters were carried out as follows: reverse 
transcription (50 °C, 15 min), followed by 95 °C for 3 min for acti
vation of the transcriptional reaction, and then 40 cycles (95 °C, 15 s) 
and 55 °C for 40 s corresponding to denaturation and annealing/ 
extension, respectively. All tests were performed using a Real-Time 
PCR System (Applied Biosystems, USA) and analyzed through the 
QuantStudio Design and Analysis Software. After certifying the 
samples’ positivity for SARS-CoV-2 infection, they were subjected to 
electrochemical analyses with the developed flexible miniaturized 
biosensor. Samples from healthy donors were also evaluated and 
used in the experiments. 

2.4. Fabrication and assembly of the flexible sensor platform 

The manufacturing process of the ITO electrode was depicted in  
Fig. 1. A sheet of ITO-coated PET slide (surface resistivity 60 Ω sq−1) 
was used to obtain the working electrode. Firstly, after cutting the 
ITO into stripes (3 cm × 8 mm), they were washed and submitted to 
an ultrasound cleaning in acetone, ethanol, and deionized water. A 
polyvinyl chloride adhesive sheet composed of a circular hole (ϕ = 
5 mm) was carefully applied to the ITO surface to achieve an iden
tical and functional surface area to assemble the nanostructured 
sensor platform. The first step of the biosensor assembly consisted of 
the electrochemical polymerization of the PPy. The polymerization 
was carried out through 6 cycles of CV in the potential range of −0.4 
to +1.0 V vs. Ag/AgCl (KCl 3M) and scan rate 100 mV s−1, using the 
ITO strip as a working electrode immersed in an acidic solution 
containing 0.5 M HCl and 30 mM of pyrrole. Subsequently, the PPy 
surface was covered by GNP through electrochemical deposition, 
where PPy-ITO electrodes were immersed in a solution of 0.25 mM 
HAuCl4.3 H2O. After, 10 cycles were performed in a CV potential 
range of +0.2 to −1.0 V, and scan rate 50 mV s−1. The PPy-GNP 

electrode was then carefully rinsed with deionized water and dried 
in air. The third step relies on the chemisorption of Cys molecules 
onto GNP. 

2 µL of an ethanolic solution of Cys (2.5 mM) was adsorbed onto 
the ITO electrode for 30 min, resulting in the PPy-GNP-Cys nanos
tructured platform. The immobilization of the COVID-19 DNA primer 
onto the ITO electrode was obtained by adsorbing 2 µL of 0.5% glu
taraldehyde diluted in water for 10 min and then 2 µL of the specific 
oligonucleotide sequence (10 mM) for 15 min. Finally, aiming to 
block non-specific binding sites, 1% BSA in phosphate buffer saline 
(PBS; pH 7.4; 10 mM) was dropped onto the ITO biosensor, resulting 
in the PPy-GNP-Cys-Primer-BSA sensor platform. 

2.5. Evaluation of the bioactivity and monitoring of SARS-CoV-2 

The hybridization with complementary oligonucleotide se
quences on the ITO sensor platform was performed using biological 
specimens of SARS-CoV-2 infected patients (cDNA samples). We 
used non-complementary oligonucleotide sequences and interfering 
molecules (glucose, glycine, ascorbic acid, and cholesterol) to eval
uate the biosensor’s selectivity. All biological samples were diluted 
in PBS (pH 7.4; 10 mM) and frozen until use. The procedure occurred 
applying 2 µL of the samples on the ITO electrode for 15 min and 
rinsed with deionized water to remove unbound molecules. 

2.6. Electrochemical trials 

Voltammetric and impedimetric analyzes were performed by a 
potentiostat/galvanostat Autolab PGSTAT 128N (Metrohm, The 
Netherlands) using NOVA 1.11 software. Electrochemical detection 
occurred in a three-electrode system immersed in a 10 mM K4[Fe 
(CN)6]/K3[Fe(CN)6] (1:1) solution prepared in PBS (pH 7.4; 10 mM). 
The ITO flexible substrate was used as a working electrode. As re
ference electrode, we used Ag/AgCl (saturated 3 M KCl) and as 
counter electrode, we used platinum wire. CV was obtained at the 
potential range between −0.2 to +0.7 V (scan rate of 50 mV s−1). 
Impedance data were recorded in a frequency range of 100 mHz to 
100 kHz and amplitude of the applied sine potential of 10 mV. 

Fig. 1. Schematic representation of the assembly principle of the COVID-19 electrochemical sensing platform.  
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2.7. Atomic force microscopy measurements 

Topographic and morphological AFM images were obtained using 
an atomic force microscope SPM-9700 (Shimadzu, Japan) in a non- 
contact mode. All measurements were performed using cantilevers 
with silicon probe (Nanoworld, Japan). We used cantilevers with 
42 N m−1 spring constant and 300 kHz resonant frequencies. The 
images were obtained at room temperature with a scan rate of 1 Hz 
line s−1 and scan area 5 × 5 µm. Gwyddion software was used to 
evaluate the images. 

2.8. ATR-FTIR measurements 

Fourier transform infrared spectroscopy (FTIR) measurements 
were performed from 650 cm−1 to 4000 cm−1

, and a 2 cm−1 resolution 
using an Agilent Cary 630 FTIR Spectrometer (Agilent Technologies, 
Rowville, Australia) with a diamond attenuated total reflectance 
(ATR) sampling accessory. The experiments were performed at 21 °C, 
and 50% relative humidity. 

3. Results and discussion 

3.1. AFM and ATR-FTIR analyses 

AFM was used to investigate the functionalization and hy
bridization efficiency of the electrode. Fig. 2 illustrates the flexible 
electrode surface before and after exposure to positive and negative 
COVID-19 clinical samples. The topographic image of the electro
chemically polymerized PPy film on the ITO substrate is shown in  
Fig. 2a. The polymeric coating shows a homogeneous morphology 
with isolated regions with a maximum height of 0.29 µm. According 
to literature reports, the observed roughness is characteristic of 
thinner PPy films with a nodular surface [11]. It is important to 
emphasize that this morphological profile is desirable for electro
chemical biosensors since rough electrodes have high electroactive 
areas that improve sensitivity and increasing the number of active 
sites capable of recognizing the target molecules [12]. 

A notable change in the system morphology was observed after 
assembling the PPy-GNP-Cys-Primer-BSA sensor platform (Fig. 2b). 
The roughness peaks did not increase significantly (maximum height 
of 0.31 µm). The topographic profile is influenced by the particles’ 

arrangement on the polymeric matrix, determining the roughness 
and average height of the system [13]. The transducer surface be
came rougher, and the morphological heterogeneity increased to a 
maximum height of 1.14 µm after interaction with SARS-CoV-2 po
sitive human samples (Fig. 2c). The AFM analysis shows a dense 
layer on the sensor surface associated with the formation of double- 
stranded DNA (dsDNA) [14]. Therefore, the ability to detect viral 
genetic material is assumed. Fig. 2d shows no significant alteration 
of the sensor platform’s roughness and heterogeneity during se
lectivity testing with non-complementary DNA molecules (max
imum height of 0.47 µm). 

In supplementary information, the ATR-FTIR measurements and 
characteristic peaks for the pristine ITO support and after PPy 
polymerization (Fig. S2 and Table S2), construction of the biosensing 
platform (Fig. S3), and hybridization process with positive sample 
were displayed (Fig. S4 and Table S3). 

3.2. Electrochemical characterization of the sensor platform 

CV and EIS were effective techniques to specify changes in 
transducer behavior after each modification step. Cyclic voltammo
grams are graphical representations of a current curve (I) as a po
tential function (E). The anodic and cathodic peak currents, Ipa and 
Ipc respectively, and voltammetric areas were calculated for each 
constituent of the biosensor (Table S4). From another perspective, 
the EIS spectra include a semicircular region at higher frequencies, 
characterizing the charge transfer resistance (RCT) of the electrical 
double layer. Also, a linear part can be visualized at lower fre
quencies, indicating the diffusional process. In this work, the Randles 
equivalent circuit was used to adjust the impedance data. Randles 
equivalent circuit includes the resistance of the electrolytic solution 
(Rs), RCT, constant phase element (CPE), and Warburg impedance 
(ZW). The results obtained from the theoretical simulation with the 
Randles equivalent circuit were presented in Table S5. 

Fig. S5 represents the potentiodynamic scans during the elec
tropolymerization of PPy on flexible ITO substrate. Anodic oxidative 
polymerization was carried out in a potential range from −0.4 to 
+1.0 V in HCl solution at 0.5 M. The result revealed that the potential 
for initializing the electropolymerization of pyrrole was above 0.7 V 
versus Ag/AgCl. Consequently, a well-adhered homogeneous PPy 
black film was electrodeposited on the electrode surface, causing a 

Fig. 2. AFM images of the PPy film (a), PPy-GNP-Cys-Primer-BSA film (b), PPy-GNP-Cys-Primer-BSA- SARS-CoV-2 sample film (c), and PPy-GNP-Cys-Primer-BSA-uninfected 
sample film (d). 
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significant increase in anode current. The absence of a cathodic peak 
suggests the occurrence of an irreversible reaction of PPy electro
polymerization. Thus, this behavior is associated with the im
mobilization of bulk anions in the polymeric matrix during doping  
[15]. Of note, six polymeric cycles were performed to obtain the 
polymeric matrix with a maximum current response. The decrease 
in polymer conductivity after six polymerization cycles is related to 
the increase in the PPy film thickness, which causes a lower diffusion 
rate [16]. We emphasize that 0.5 M HCl as dopant acid is a suitable 
medium to synthesize uniform polypyrrole films. Although it ex
hibits lower cycling stability compared to other electrolytes, the PPy 
film doped by HCl shows the longest charge-discharge time, highest 
capacitance and current density compared to other doping ions (eg, 
sulfates and phosphates) [17]. 

After the polymeric coating, the modifications of the working 
electrode were characterized by electrochemical measurements 
using the electrolytic solution containing 10 mM K4[Fe(CN)6]/K3[Fe 
(CN)6] in PBS (pH 7.4; 10 mM) (Fig. 3). The PPy film exhibited a high 
current density (Ipa = 537.17  ±  2.98 µA) and a low impedimetric 
response with an electron transfer resistance of 0.04  ±  0.002 kΩ. 
This response is justified by forming the stable PPy film that features 
high conductivity, high electronic affinity, and a σ-π conjugate 
system that favors charge mobility throughout the molecule struc
ture. Thus, these characteristics contribute significantly to improving 
the analytical performance and robustness of the biodetection sys
tems. In addition, to access the approximate electroactive area of the 
electrode, we used the Randles-Sevcik equation [18]. 

=Ip K n A D C V. . . . .
3
2

1
2

1
2 (1)  

Where K is the constant (2.69 ×105), A is the electrode surface 
area in cm2, D is the diffusion coefficient in cm2 s−1 (7.20 ×10−6 cm2), 
n is the number of electrons transferred (=1), v is the scan rate in V/s 
(0.100 V s−1) and C is the probe molecule in the bulk solution 
(10−6 mol cm−3). Thus, a surface area of 0.0029 cm2 for PPy modified 
ITO was acquired. 

Subsequently, the electroactive area for immobilization of bio
molecules was improved by incorporating GNP into the polymer 
matrix [19]. A decrease in anodic and cathodic currents (Ipa = 
304.85  ±  10.19 µA) was obtained after GNP electrosynthesis. Besides, 
an increase in the interfacial resistivity (RCT = 0.15  ±  0.001 kΩ) was 
observed. According to Li and Shi [20], PPy films contribute to the 
deposition of nanoparticles with reduced nanometric dimensions in 

a state of non-aggregation due to the expressive number of nu
cleation sites in the polymeric network. It is noteworthy that during 
electrosynthesis, GNPs can occupy PPy doping sites. Consequently, 
the redox reaction charge for the PPy-GNPs film may be lower 
compared to PPy [21]. 

In sequence, Cys molecules were self-assembled over GNP 
through the Au-thiol chemistry. The chemisorption process allows 
the formation of monomolecular films with a high degree of struc
tural organization. In addition to the thiol termination, Cys mole
cules have an amino-functional group that provides covalent and 
stable adhesion of DNA sequences to maintain their conformational 
structure. The amino group present in Cys can be protonated, 
showing a positive electrical charge that attracts negatively charged 
electrolytes, such as [Fe(CN)6]3-/4-. This process favors the occur
rence of oxidation-reduction reactions in regions adjacent to the 
electrode surface [22]. In this way, it was verified that the use of Cys 
as a spacer molecule increases current (Ipa = 327.92  ±  1.09 µA) and a 
decrease in charge transfer (RCT = 0.13  ±  0.002 kΩ),  reflecting the 
proper assembly of the PPy-GNP-Cys nanostructured platform. 

The redox peaks showed a further decrease by immobilizing 
single-stranded DNA (ssDNA) segments modified with the 5′ amino 
group (Ipa = 289.80  ±  1.04 µA). As expected, an increase in the RCT 

value was found (RCT = 0.29  ±  0.002 kΩ). The charge flow blockage is 
due to electrostatic repulsion between the electroactive anions in 
solution and the nucleotide structure’s phosphate groups [23]. The 
nanostructured transducer’s biofunctionalization was mediated by 
using the glutaraldehyde coupling agent. Thus, a Schiff bases’ for
mation between two adjacent amino groups (H2N-Cys and H2N- 
primer) was obtained. The sensor system was incubated in a BSA 
solution to block non-functional electrode areas, resulting in an 
additional reduction in the electron transfer rate (Ipa = 
217.07  ±  0.98 µA) and increased specific resistance (RCT = 
0.99  ±  0.013 kΩ). 

3.3. Analytical features of the sensor platform 

The analytical performance of the PPy-GNP-Cys-Primer-BSA na
nostructured system was evaluated through a biodetection assay 
using recombinant plasmids containing the nucleocapsid protein 
gene of SARS-CoV-2. The genomic concentrations of the analyzed 
samples were 800, 1000, 1333.33, 2000, and 4000 copies µL−1. The 
voltammetry response decreases proportionally with the increase of 
the concentration of target DNA (Fig. 4a). The decrease in oxidation 

Fig. 3. Voltammetric (a) and impedimetric (b) characterization of each stage of construction of the flexible sensor platform. Inset: anodic peak currents obtained during the 
biosensor construction (a) and Randle’s equivalent circuit used in the theoretical simulation of the impedance measurements (b). Three repetitions were performed for each 
methodological protocol, where the experimental data are presented as the mean values ±  their standard deviation. 
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and reduction currents is related to the capture of the viral gene on 
biodevice’s surface. The double-stranded DNA molecules (dsDNA) 
formed on the sensor layer have a negative global charge. This 
property hinders the transit of electrons between the transducer and 
the electroactive species. Consequently, changes in voltammetric 
signals are evidenced and associated with the detection me
chanism [24]. 

EIS spectra demonstrate the electrochemical resistance against 
various viral nucleocapsid gene concentrations (Fig. 4b). Impedi
metric measurements were positively correlated to the increase in 
the gene copy number. The bioanalytical tool’s resistive properties 
gradually became more significant as the molecular target con
centration increased, denoting the formation of hybrid DNA at the 
sensing interface. As mentioned earlier, this fact is due to the elec
trostatic repulsion between the negatively charged DNA strands and 
the negative charges of the [Fe(CN)6]3-/4-. Additionally, the bio
sensor’s double layer impedance was represented by a constant 
phase element (CPE). From the CPE values presented in Table S5, it 
was observed that the measurements for the non-ideal capacitance 
progressively decreased after the exposure of the biosensor to 
samples with higher concentrations. This behavior may suggest less 

homogeneity of the sensing layer and reduced charge storage ca
pacity due to the viral gene’s interaction [25]. 

In Fig. 4c, we can see that the percentage variation of RCT (ΔRCT) 
is linear for the concentrations of the SARS-CoV-2 gene. The ΔRCT is 
described as: 

= ×R
R R

R
(%) 100CT

CT Biosensor viral genome CT Biosensor

CT Biosensor

( ) ( )

( ) (2)  

where RCT(Biosensor-viral genome) is the value calculated after iden
tification of the COVID virus genome and RCT(Biosensor) corresponds to 
the preliminary response of the PPy-GNP-Cys-Primer-BSA biosensor 
(Table S5). The measurement of this variable enabled the char
acterization of the analytical performance of the biosensitive plat
form. The linear regression equation was determined from the 
calibration plot as y = 2.60189 + 0.09949x with a determination 
coefficient (R2) of 0.998. The y values correspond to ΔRCT and the x 
values to the concentration (copies µL−1) of the tested specimens. 

The proposed nanostructured system showed a linear sensitivity 
range of 800–4000 copies µL−1 with a standard deviation (SD) of 9.33 
(S/N = 3). The proposed sensor obtained a limit of detection of 258.01 

Fig. 4. Voltammetric records (a) and impedance spectra (b) for the flexible sensor platform exposed to different concentrations of the SARS-CoV-2 N gene in recombinant 
plasmids (DNA target: 800, 1000, 1333.33, 2000 and 4000 copies µL−1). Calibration plot of the biossensor (c). Resistance variation for the selectivity study with non-com
plementary oligonucleotide sequence, glucose, glycine, cholesterol, and ascorbic acid (d). Three repetitions were performed for each methodological protocol, where the ex
perimental data are presented as the mean values  ±  their standard deviation. 
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copies µL−1, limit of quantification of 781.84 copies µL−1, and sensi
tivity of 0.51 μA/copies µL−1 cm2. These parameters were calculated 
using the respective equations, 3.3σ/slope, 10σ/slope, and slope/(area 
of the electrode), where σ is the standard deviation of the blank 
measurement in three replicates and slope is the angular coefficient 
of the calibration plot (document ISO 11843) [26]. Adequate re
producibility was obtained with a relative standard deviation value 
of 1.31% for the nanostructured sensor system. The reproducibility 
was determined from the standard deviation’s percentage value for 
three independent sensor systems produced with the same metho
dological protocol and experimental conditions in a single day. The 
repeatability was confirmed considering the relative standard de
viation of less than 1% for all assays with the SARS-CoV-2 gene 
employing variable concentrations. To evaluate the repeatability, the 
analytical response of each sensor was tested at least three times in a 
single day. The biosensing platform’ stability (PPy-GNP-Cys-Primer- 
BSA) was investigated over a period of 24 h under optimal storage 
conditions (storage temperature between 4 and 5 °C). The signal 
output (RCT) at the stable stage was measured. The average re
sistance output of the biosensor was 989 Ω  with a standard devia
tion of ± 1.29%. This impedimetric result suggests that the biosensor 
may exhibit prolonged stability over days. Considering the reusa
bility, sensing interface architecture was regenerated after washing 
with 10 mM PBS solution (pH 7.4) at 94 °C. To ensure the reliability of 
the analytical result, the sensor system was reused up to three times. 
Electrochemical monitoring was performed in all cycles of use. 

The selectivity of the nanostructured sensor was also assessed 
using the ΔRCT intensity. Electrochemical experiments were per
formed with non-complementary oligonucleotide sequence and 
molecules commonly present in nasopharyngeal secretion (glucose, 
glycine, cholesterol, and ascorbic acid at a concentration of 
0.5 ng mL−1). It is emphasized that nasopharyngeal secretion con
tains 95% water, 2% mucin, 1% electrolytes, 1% lipids, and 1% of other 
proteins, such as albumin, immunoglobulins, lysozyme, kallikrein, 
and lactoferrin [27]. For this reason, the presence of glucose, glycine 
and cholesterol is inferred, in their free or bioconjugate form. In 
addition, ascorbic acid is the main antioxidant found in nasophar
yngeal secretion [28]. Therefore, the mentioned biomolecules can be 
considered interfering elements in biosensing studies for SARS- 
CoV-2. 

Fig. 4d shows the resistance variation for the selectivity study. 
The values measured for interfering species were relatively low 
(ΔRCT = 1.52  ±  0.71–18.69  ±  5.00) as compared to the impedimetric 
signals obtained for the SARS-CoV-2 N gene (ΔRCT = 
86.87  ±  1.01–405.56  ±  5.00). It is noteworthy that the slight varia
tions observed in the interfacial resistance are due to non-specific 
adsorption. Hence, our result suggests that the PPy-GNP-Cys-Primer- 
BSA platform has good selectivity, allowing the application of the 
biosensor in clinical trials. 

3.4. Measurement of SARS-CoV-2 in clinical samples 

The nanostructured flexible device’s feasibility for the clinical 
diagnosis of COVID-19 was evaluated using human samples obtained 
from a nasopharyngeal swab. Molecular tests were processed with 
SARS-CoV-2-negative samples and others from patients at various 
stages of viral infection, as follow: initial (1st to 7th day of symptom 
onset), intermediate (7th to 14th day of symptom onset), and late 
(after the 14th day of symptom onset) (Fig. 5a). Positive samples 
for COVID-19 caused a more significant impedance variation (ΔRCT 

of 56.39  ±  3.83–699.46  ±  12.84) than the negative samples (ΔRCT 

of −10.55  ±  0.71–9.20  ±  1.01). 
The analytical efficiency of the biosensor was performed in 

comparison to the RT-PCR technique. The relative variation of RCT 

was associated with the cycle threshold (CT) value of the RT-PCR 
analysis. The CT value can measure viral load in the clinical sample, 
directing the diagnostic interpretation and therapeutic decisions. An 
inversely proportional correlation between ∆RCT values and CT va
lues was found (Table S6). It is known that the lower the CT value, 
the greater the number of viral copies present in the clinical sample. 
In this sense, samples with higher viral expression (lower CT values) 
exhibited more significant impedimetric signals due to identifying a 
greater number of SARS-CoV-2 N gene sequences. The data were 
statistically analysed using kappa coefficient values. All values were 
significant (p  <  0.01) for PCR method and biosensing platform used 
for SARS-CoV-2 detection in biological samples. Therefore, we de
monstrated the ability of the electrochemical sensor to detect SARS- 
CoV-2 in cDNA samples. 

The degree of surface coverage (θ) was used as a complementary 
parameter for diagnostic evaluation. θ values after exposure of the 

Fig. 5. Percentage variation of RCT (a) and degree of surface coverage (Ɵ) (b) for the flexible sensor platform exposed to samples from patients not infected with SARS-CoV-2 and 
samples from patients in early, intermediate and late stages of viral infection. Three repetitions were performed for each methodological protocol, where the experimental data 
are presented as the mean values ±  their standard deviation. 
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biomolecular system to clinical cDNA samples were calculated using 
the following equation: 

= ×
R

R
(%) 1 100CT Biosensor

CT Biosensor viral genome

( )

( ) (3)  

RCT(Biosensor) is the RCT value of the PPy-GNP-Cys-Primer-BSA 
system. RCT(Biosensor-viral genome) is the corresponding value for the 
biosensor against clinical samples. The surface coverage is related to 
the number of N gene sequences hybridized with a DNA primer on 
the sensor surface. The formation of hybrid DNA on the sensor layer 
increases the degree of surface coverage. Different θ values were 
calculated for samples of initial infection (θ = 84.90  ± 
0.42–87.49  ±  0.20), intermediate infection (θ = 78.32  ±  0.80–83.24  ± 
0.54), and late infection (θ = 36.03  ±  1.55–52.90  ±  0.39) (Fig. 5b). 
Lower θ values were found (θ = −11.80%  ±  0.89–8.42%  ±  0.85) for 
SARS-CoV-2-negative samples. These results denote the feasibility of 
the biosensor for target DNA assays in real samples. Of note, there 
are distinctive electrochemical responses for SARS-CoV-2-negative 
samples and patients in the early, intermediate, and late infection 
stages. 

It is assumed that the electrochemical data are related to the 
circulating virus in the different periods of infectivity. In patients 
with COVID-19, a peak in viral load is commonly observed near the 
onset of symptoms (early infection stage) and gradually decreases. It 
is possible that asymptomatic COVID-19-positive individuals also 
exhibit high viral loads, contributing to the virus’s spread [29]. The 
differentiation between the disease stages is essential to monitor the 
infection’s evolution, therapeutic interventions and identify 
asymptomatic cases. 

Nowadays, social distance and rapid diagnosis represent stra
tegies for slowing the virus transmission and understanding the 
COVID-19 epidemiology. In this conjecture, electrochemical DNA 
biosensors represent an alternative approach to detect viral nucleic 
acids, contributing to the development of point-of-care-testing 
methods. Genetic screening devices are considered an ideal 
strategy for the COVID-19 diagnosis, particularly in the first to 
second week after infection when anti-SARS-CoV-2 antibodies 
cannot be detected (immune window) [30]. Table 1 summarizes the 
main electrochemical DNA biosensors reported in the literature for 
the SARS-CoV-2 detection. We compare our nanostructured genetic 
platform with other DNA biosensors based on electrochemical 
transduction. 

Distinctively from other studies, the proposed biosensor displays 
electrochemical profiles correlated with the stage of viral infection, 
enabling the differential diagnosis for the SARS-CoV-2 infective 
phases. The biodetection device can quickly and quantitatively de
tect the viral gene in a small sample volume (only two µL of a sample 
is required). The sensor system exhibited interesting analytical 
performance parameters: comparable detection and quantification 
limits, high selectivity, specificity, and signal repeatability. Of note, 
most electrochemical tests depend on the analytical signal amplifi
cation using methylene blue [31], toluidine blue [32], acridine or
ange, and Ru(bpy)3

2+ [33]. Here, the proposed biosensor is free of 
markers aiming to reduce the consumption of chemical reagents, 
analysis time, and, consequently, overall costs of the process. Finally, 
the flexible electrode technology used in the PPy-GNP-Cys-Primer- 
BSA biosensor allows more significant functional and design versa
tility in developing new emergency care tests. Although the clinical 
applicability of the electrochemical biosensor is promising, it should 
be noted that the technology is in development stage, being tested 
with a greater number of samples in accordance with analytical 
validation guidelines. It is expected to achieve the prototyping of the 
system to enable the accessibility, portability, and connectivity of the 
bioanalysis tool. 

4. Conclusions 

Conclusively, we have demonstrated the construction and char
acterization of a miniaturized flexible device based on conductive 
polymer and metallic nanoparticles for rapid and effective detection 
of nucleocapsid protein gene of SARS-CoV-2. The nanostructured 
platform shows a high reproducibility (variation of 1.31%), a large 
surface area, and signal transduction capability. The biomolecular 
recognition was achieved through surface chemistry, allowing for 
the stable and oriented immobilization of the DNA primer. The 
bioactivity assays were carried out with synthetic oligonucleotide 
samples and clinical cDNA samples, requiring reduced volume and 
without labeling agents. Our electrochemical biosensor showed 
significant specificity, selectivity, and sensitivity for SARS-CoV-2 
with a limit of detection of 258.01 copies µL−1 and a limit of quan
tification of 781.84 copies µL−1. Different electrochemical profiles 
were obtained for the initial, intermediate, and late stages of the 
viral infection, showing the innovative performance of the PPy-GNP- 
Cys-Primer-BSA system. Where, the resistance variation values were 
significantly correlated with the CT values of the RT-PCR analyses. As 
a result of this finding, the electrochemical technique can be a viable 
alternative for SARS-CoV-2 differential diagnosis. Biosensors are al
ternative technologies for detecting new COVID-19 cases, contact 
tracing, and implementing treatments. Although the proposed bio
detection system has not yet been tested in real nasal swab speci
mens without any purification and pre-treatment strategy, the 
results achieved were promising for the progressive development of 
an emergency care biosensor with scalability, ease of operation, 
compactness, and low cost. 
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