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A B S T R A C T   

The ongoing COVID-19 pandemic continues to have a significant impact on our daily lives, necessitating the 
rapid development of early diagnostic tools to mitigate the emergence of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) outbreaks. In this context, biosensor technology has emerged as a highly promising 
strategy to address the challenges of low sensitivity, specificity, and high cost associated with clinical diagnosis. 
In this study, we present a novel and cost-effective approach for the rapid detection of SARS-CoV-2 using 
miniaturized flexible carbon fiber (FCF) electrodes that are modified with immunoglobulin G (IgG). Our strategy 
take advantage of on the antigen-antibody interaction (IgG-SARS-CoV-2) and leverages the surface chemistry 
characteristics of FCF to achieve signal amplification. Under standard conditions, we achieved a remarkable 
detection limit of 0.16 pg mmL− 1 for the SARS-CoV-2 RBD protein. Additionally, when analyzing human saliva 
samples, our biosensing approach demonstrated good agreement with RT-PCR results, specifically for patients 
who tested positive for SARS-CoV-2. The sensitivity, selectivity, and accuracy of our approach were approxi
mately 93.3%.   

1. Introduction 

Coronaviruses (CoVs) are large, single-stranded RNA viruses that 
have caused fatal pneumonia in humans since the beginning of the 21st 
cen tury (Wiersinga et al., 2020). The severe acute respiratory syndrome 
coronavirus (SARS-CoV) (Zhong et al., 2003) and Middle East respira
tory syndrome coronavirus (MERS-CoV) (Zaki et al., 2012) were the first 
two human pathogenic respiratory illnesses of major concern. In 
December 2019, the International Committee on Taxonomy of Viruses 
(ICTV) identified severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) (Gorbalenya et al., 2020). SARS-CoV-2, also known as 
coronavirus disease 2019 (COVID-19), belongs to the beta coronavirus 
family. It shares 79% and 50% genome sequence identity with 
SARS-CoV and MERS-CoV, respectively (Lu et al., 2020). By January 
2023, the virus had spread worldwide, infecting more than 600 million 
people and resulting in 6.6 million deaths, according to the World 

Health Organization (Behura et al., 2023). The global economy and 
society are still in the process of recovering from the COVID-19 
pandemic, largely due to the rapid spread and emergence of highly 
contagious variants such as Omicron (Dhama et al., 2023) and Delta 
(Gomari et al., 2023). In the recent scenario, developing new strategies 
for feasible detection remains a fundamental issue regards to a better 
quality of life (Ravi et al., 2020). 

SARS-CoV-2 has diameters ranging from 60 nm to 140 nm, with 
distinctive protein spikes measuring 9 nm–12 nm (solar corona-like 
nanostructures) (Goldsmith et al., 2004). These spikes interact specif
ically with angiotensin-converting enzyme 2 (Hoffmann et al., 2020). 
The coronavirus spike glycoprotein serves as a crucial target for vaccine 
development and novel diagnostic strategies (Wrapp et al., 2020). 
Currently, various experimental approaches exist for detecting 
SARS-CoV-2, including the use of antigens, antibodies, and viral parti
cles (Mao et al., 2022). The primary experimental method involves a 
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clinical test based on reverse transcription–polymerase chain reaction 
(RT–PCR) assay, which enables sensitive and selective detection of viral 
nucleic acids (Tsang et al., 2021). However, RT–PCR assays are rela
tively expensive and require specialized personnel. Amid the pandemic, 
new detection methods for SARS-CoV-2 have emerged, such as liquid 
field-effect transistors (Seo et al., 2020) and electrochemical biosensors 
(Chaibun et al., 2021). Electrochemical biosensors, which utilize anti
gen–antibody interactions as analytes, have been recently reviewed 
(Mao et al., 2022). Nevertheless, numerous experimental challenges 
remain for electrochemical biosensors in detecting SARS-CoV-2, 
including portability, ease of operation, and high sensitivity. These 
factors are crucial for early detection of viral infections and for con
ducting reliable and efficient clinical trials. 

The development of miniaturized architectures and the ability to 
modulate the chemistry interface are crucial for advancing next- 
generation molecular diagnostics. Here, we introduce a novel strategy 
for detecting SARS-CoV-2 in human saliva by functionalizing minia
turized flexible carbon fiber (FCF)-based electrodes with specific anti
bodies against the virus. The clinical course of SARS-CoV-2 infection in 
humans comprises an acute phase followed by a convalescent phase of 
viral infection (Carvalho et al., 2021). Viral RNA in clinical samples, 
such as human saliva, is detectable during both the acute and mild 
phases and serves as a satisfactory diagnostic marker for COVID-19 
infection (Teo et al., 2021). Serologic biomarkers, including immuno
globulin G (IgG) antibodies, are present in saliva and associated with the 
convalescent phase of infection (Robbiani et al., 2020). The human body 
produces immunoglobulin M (IgM), immunoglobulin A (IgA), and IgG 
antibodies during the seroconversion process, typically occurring within 
the first few days of SARS-CoV-2 infection (Lou et al., 2020). Further
more, the presence of such antibodies in human body is correlated with 
disease severity and the extent of infection and in the context of the 
usability of flexible carbon fibers applied to biosensors and bio
electronics (Iost and Crespilho, 2012a) that we envisioned a new 

miniaturized sensor as an ultrasensitive platform for detection of 
SARS-CoV-2. Our study demonstrates, for the first time, that 
FCF-modified IgG electrodes serve as an ultrasensitive platform for 
detecting SARS-CoV-2 during both the acute and convalescent phases of 
infection. 

2. Materials and methods 

The reagents, apparatus, electrochemical experiments, and physi
cochemical characterizations are presented in the supporting 
information. 

2.1. Preparation of FCF-based electrodes for SARS-CoV-2 detection 

Fig. 1 shows the object of study of the biosensor (Fig. 1A), biosensor 
components (Fig. 1B) and the scheme of device preparation (Fig. 1C). 
Briefly, FCFs were cleaned in ultrasound bath for 5 min with a mixture of 
isopropyl alcohol and ultrapure water. After the cleaning process, FCF 
electrodes with area equal to 0.0511 cm2 (Fig. 1D) were electrochemi
cally activated in basic aqueous solution using chronoamperometry, 
washed in ultrapure water, dry under vacuum and mechanically mini
aturized and placed in the 3D-printed electrochemical device. The 
preparation of the FCF devices was followed by the chemical modifi
cation of the surface with glutaraldehyde aqueous solution 5% (GLU) as 
a cross-linking agent by drop-casting (optimized GLU concentration, see 
Fig. S1). The electrodes were then storage at ~7 ◦C for 1 h before in
cubation with IgG previously mixed with SARS-CoV-2 phosphate buffer 
solution 0.1 mol L− 1 pH 7.2 (IgG-SARS-CoV-2) (optimized IgG-SARS- 
CoV-2 concentration, Fig. S2); the chemical reaction was carried out 
overnight. Finally, bovine serum albumin (BSA) and Nafion solution 
(1%) (optimized Nafion® concentration, Fig. S3) was drop on to the 
surface of the FCF electrodes and dry under vacuum for 30 min before 
the electrochemical experiments (Fig. S4). 

Fig. 1. Miniaturized and flexible bioelectronics for the detection of SARS-CoV-2. A) Biosensor target analyte. B) Biosensor components. C) Procedure for 
modifying FCFs for anchoring the IgG-SARS-CoV-2 antibodies and the detection of SARS-CoV-2. D) Photograph of the miniaturized FCF-based biosensor. 
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The evaluation of the limit of detection (LOD) of the FCF biosensor 
were obtained considering the standard deviation (SD) of the lowest 
concentration sample used in the experiments. The calibration curves 
were obtained using the reactivity index (RI) given by equation (1). With 
Ip0 being the initial current and Ip being the final current after the 
interaction of the biosensor with the analyte. 

R.I=
Ip0 -Ip

Ip0

(1)  

3. Results and discussions 

3.1. FCF-based biosensor 

FCFs are promising materials for their applications in bioelectronics 
(Pereira et al., 2016). Their good conductivity and the possibility to 
modulate surface chemistry for biosensing are important characteristics 
that we highlight here to detect SARS-CoV-2. It was previously reported 
that the chemical (Martins et al., 2014) or electrochemical (Huang et al., 
2010) treatment of FCFs improves the electrochemical response of bio
electrodes. FCFs were treated electrochemically in a basic medium to 
obtain quinone, hydroquinone, ketone, hydroxyl, and other compounds 
on the surface to improve the electrochemical response of electrodes 
(Pereira et al., 2017). The application of the anodic potential induces 
structural defects on the FCF surface increasing the density of edge-like 
carbon structures. Fig. 2 shows the electrochemical characterization and 
surface modification of the FCF. 

Fig. 2A shows the cyclic voltammetry (CV) response of FCFs before 
(black) and after (red) electrochemical anodization in basic media. 
Electrochemistry was performed in 0.1 mol L− 1 KCl in the presence of 
the redox probe [Fe(CN)6

3− /4− ] at a scan rate of 50 mV s− 1. The vol
tammetric profile of Fe(CN)6

3− /4− in the forward scan oxidizes Fe(II) ions 
to Fe(III) at Ered = +0.256 V vs. Ag/AgCl subsequently reducing Fe(III) 

back to Fe(II) in the reverse scan at Eox =+0.275 V (Frenzel et al., 2017). 
The linear dependence of peak current densities (J/μA cm− 2) and the 
potential on the scan rate (mV s− 1) of the activated FCF post-treatment is 
shown in Fig. S5. The shift in the redox potential toward more positive or 
negative values upon increasing the scan rate is characteristic of a 
diffusion-controlled electrochemical process (Bard et al., 2022). The 
electrochemical process is also influenced by the adsorption of redox 
probes on the surface causing a current–potential shift upon increasing 
the scan rate. The slope is in accordance with the theoretical value of 
0.059 V/pH at 25 ◦C for a one-electron reversible electron transfer re
action (Bard et al., 2022) (Fig. S5). Fig. 2B shows the long-term stability 
of the redox probe Fe(CN)6

3− /4− for activated FCFs after 50 cycles, the 
figure shows that there was no significant change in the current values 
nor a change in the oxidation and reduction potentials of the probe used, 
which indicates that the fibers present electrochemical stability, a good 
property for anchoring biomolecules for application in biosensing. 

EIS was performed to characterize the ionic accessibility of pores on 
the surface of the Post-treatment FCF. EIS spectra were adjusted ac
cording to the equivalent circuit model (Orazem and Tribollet, n.d.) 
(Fig. S6). Fig. 2C displays the Nyquist plots of Post-treatment FCF (red), 
FCF-modified with adsorbed glutaraldehyde (FCF–GLU) (green), 
FCF-IgGS (Blue), and biosensor + RBD (pink) in which a spike appears 
for the low-frequency region used in the experiments. The charge 
transport resistance (RCT) was first evaluated for each surface modifi
cation of Post-treatment FCF, FCF–GLU, FCF–IgGS, and the biosensor, 
increasing RCT values to 75.25 kΩ, 89.9 kΩ, 140.7 kΩ and 164 kΩ 
(Table S1), respectively. This increase in RCT values indicates a signifi
cantly slow diffusion process. In agreement with the Nyquist data, 
Fig. 2D shows the goat plots for each modification, where a change in 
maximum frequencies is observed as a function of each modification. 

Fig. 2E shows the cyclic voltammogram for each modification step 
(FCF pristine) (black), Post-treatment FCF (red), FCF–GLU (green), 
FCF–IgGS (blue), FCF-IgGS/BSA (pink) and biosensor + RBD (cyan)), 

Fig. 2. Electrochemistry of FCF-based biosensor. A) Cyclic voltammograms of FCF pristine before (black) and after (red) anodization/oxidation in the basic 
medium. B) Voltammograms of preanodized FCF during 50 voltammetric cycles. C) Nyquist plots of different modifications: Post-treatment FCF (red), FCF–GLU 
(green), FCF–IgGS (blue), and biosensor + RBD (pink). D) Bode plots of different modifications: Post-treated FCF (black), FCF–GLU (red), FCF–IgGS (blue), and 
biosensor + RBD (pink). E) Cyclic voltammograms for different electrode configurations: FCF pristine (black), Post-treated FCF (red), FCF–GLU (green), FCF–IgGS 
(blue), FCF-IgGS/BSA (pink), and biosensor + RBD (cyan). F) Cyclic voltammograms for different electrode configurations: FCF pristine (black), Post-treatment FCF 
(red), FCF–GLU (green), FCF–IgGS (blue), and biosensor +RBD (pink). Supporting electrolyte: KCl 0.1 mol L− 1. Supporting electrolyte: KCl 0.1 mol L− 1 and Fe 
(CN)6

3− /4− (0.5 mmol L− 1). 
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with the graphs it is possible to see the presence of the characteristic 
pairs of the electrochemical probe used. In addition, it is also possible to 
observe a shift in the oxidation potentials towards more negative regions 
while the reduction possibilities shifted towards more positive regions, 
which indicates an improvement in the system reversibility. 

Fig. 2F shows the differential pulse voltammetry (DPV) graphs of 
each electrode configuration. FCF-GLU (green) does not influence the 
DPV response as compared to the Post-treatment FCF (red). A difference 
in DPV response is observed for FCF–IgGS with a significant shift in the 
current density upon modification of FCF with IgGS of approximately 
27% and a further detection of RBD (pink) agrees with the EIS spectra in 
Fig. 2C. Moreover, the oxidation peak in the phosphate buffer as the 
supporting electrolyte related to the hexaferrocyanide redox probe can 
be observed at Eox = +0.30 V vs. Ag/AgCl and shifts to Eox = +0.31 V 
upon the addition of RBD to the supporting electrolyte. This suggests 
that RBD is adsorbed on the electrode surface. Fig. 3 shows the spec
troscopic and morphological characterization of electrodes. 

The structural characteristics of FCFs are similar to graphite but 
differ based on their structural organization. The layer planes of carbon 
atoms in turbostratic FCFs, such as those produced from the precursor 
polyacrylonitrile (PAN), are stacked randomly. Therefore, it is an 
important material in electrochemistry owing to its chemical and 
physical stability, in addition to the possibility of modulating its inter
facial properties for application in biosensors and bioelectronics (Iost 
and Crespilho, 2012b). Initially, we compared microFTIR spectra of the 
pristine FCF (black), post-treated FCF (blue) and FCF-IgGS (blue) 
(Fig. 3A). The chemical structure of pristine FCF (black) shows the 
characteristic infrared peaks (Biniak et al., 1997): 2221 cm− 1 (C≡N 
stretching) (Elagib et al., 2020), 1544 cm− 1 and 1245 cm− 1 (C=N 
stretching), 1095 cm− 1 (C–CN stretching), 1288 cm− 1 (C–O stretching 
group), 1627 cm− 1 (C=O stretching group), and 1438 cm− 1 and the 
peaks around 2923 cm− 1 of –CH bending vibrations are related to 
–CH2/CH3 stretching modes. The post-treated FCF (red) shows the same 
functional chemical groups and the most prominent peaks related to 
carboxylic anhydrides at approximately 1823 cm− 1 (Biniak et al., 1997). 
The presence of IgGS on the surface also resulted in significant changes 
in microFTIR spectra (blue). The molecular structure of biomolecules 
changes when placed on the surface, (Buijs et al., 1996; Giacomelli et al., 
1999) as was also reported when IgGS was attached to the surface of the 
Post-treated FCF. The FTIR spectra of the FCF–IgGS electrode (blue) 
shows amide I, amide II, and amide III stretching bands at approximately 
1689 cm− 1, 1585 cm− 1, and 1296 cm− 1 (Carolina et al., 123AD), 

respectively. The presence of stretching modes is related to C=C at 2156 
cm− 1, and the fingerprint infrared region is related to the SH group 
stretching band at approximately 2405 cm− 1 (Cherepanov et al., 2022). 
Raman spectra were also recorded to obtain more structural information 
on the functionalization of FCFs. 

Both chemical and electrochemical methods are used to induce 
exfoliation concomitantly with the generation of chemical functional 
groups on the surface of carbon materials. The anodic electrochemical 
oxidation of FCFs was responsible for the disorder induced by fibers. 
Fig. 3B shows the Raman spectra of the pristine FCF (black), Post-treated 
FCF (red), and FCF-IgGS electrode (blue). In the Raman spectrum, G- 
(1600 cm− 1) and D-band (1370 cm− 1) are the main signature bands of 
FCFs. The G-band is the signature of the sp2 carbon network and is more 
prominent than the D-band in Raman spectra which represents the de
fects or disorder of the hexagonal carbon network (Ferrari, 2007). The 
D-band increases proportionally with the amount of disorder induced by 
the preanodic exfoliation procedure used in the present case for FCFs. 
The normalization of the relative intensity ID/IG ratio was used to esti
mate the disorder induced by FCFs (Pimenta et al., 2007). In the present 
study, the ID/IG ratios for the FCF, Post-treated FCF, and FCF-IgG are 
0.71, 0.78, and 0.87 (Table S2), respectively. Additionally, FCF-IgGS 
shows a weak intensity band for the amino acid (tyrosine) at approxi
mately 871 cm− 1 (*) (Ota et al., 2016; Sato et al., 2022). Previous results 
show that Post-treated FCF induces more defective structures on FCFs 
prior to the immobilization of FCF-IgG. 

Fig. 3C shows the changes in roughness and kurtosis of the three 
electrodes. We selected FCF with IgG-SARS-CoV-2 for further evaluation 
of the biosensor performance. Fig. 3D–F shows the atomic force micro
scopy (AFM) images of the FCF, Post-treated FCF, and FCF-IgGS, 
respectively. We evaluated the roughness and kurtosis of all elec
trodes. The FCF has a relatively smooth surface in comparison to the 
Post-treated FCF, which has increased surface defects owing to the 
presence of protuberances at the microscale level, in agreement with the 
Raman dataset. The roughness of Post-treated FCF marginally reduces 
from 2.8 nm to 2.0 nm, and the kurtosis significantly reduces from 6.7 to 
4.1. The surface morphology of electrodes changes substantially with 
the modification of FCFs with IgG depicting protuberances with globular 
structures over the surface. Thus, the roughness increases to 4.8 nm, and 
the kurtosis further decreases to 3.2 for the FCF-IgG. In addition to AFM, 
SEM analyzes were also performed (Fig. S7). In the SEM images as well 
as in the AFM images, it is possible to clearly observe the morphology of 
the fibers, as well as the modification of the surface with each treatment. 

Fig. 3. Vibrational spectroscopic and morphological characterization of FCF-based biosensor. A) MicroFTIR spectrum of pristine FCF (black), Post-treatment 
FCF (red), and FCF–IgGS (blue). B) Raman spectrum of pristine FCF (black), Post-treatment FCF (red), and FCF–IgGS (blue). C) Relative evolution of roughness and 
kurtosis of pristine FCF, Post-treatment FCF, and FCF–IgGS electrodes. AFM images of D) pristine FCF, E) Post-treated FCF, and F) FCF-IgGS. 
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In the treatment of the fiber in a basic medium, the exfoliation of the 
fibers, the modification with glutaraldehyde wraps the fiber in a film 
and the anchoring of the antibody is evidenced by the appearance of 
architectures without defined morphology. These results together with 
the other results presented show that the fiber modification was 
effective. 

3.2. Biosensor performance under standard conditions 

The effect of RBD concentration on DPV signals recorded using the 
immunosensor was investigated using the biosensor for assay validation 
and the feasibility assessment of SARS-CoV-2 tests. A standard valida
tion test was conducted. The method consists of detecting RBD (a 
portion of the spike protein) under standard experimental conditions 
(phosphate buffer solution 0.1 mol L− 1, pH 7.2). For more details, see 
the support information. Fig. 4 shows a schematic illustration of the 
interaction of the biosensor with RBD (Fig. 4A) and DPV voltammo
grams for the detection of RBD. Fig. 4B shows the DPV voltammograms 
for RBD detection indicating the electrochemical behavior of the 
biosensor before (black) and after interaction (red) with RBD. There is a 
progressive decrease in the current density when we increased the 
concentration of RBD in the supporting electrolyte solution (Fig. 4C). 

The oxidation peak of the hexaferrocyanide redox probe is observed at 
Eox = +0.30 V vs. Ag/AgCl. The electrochemical behavior is attributed 
to the interaction between RBD with IgG-SARS-CoV-2 on the electrode 
surface to form an immunocomplex (Beduk et al., 2021). The formation 
of the immunocomplex affects current density owing to the blockage of 
the surface which hinders electron transport between Fe(CN)6

3− /4− and 
the fiber surface (Adeel et al., 2022b). 

Fig. 4C shows the electrode performance at different RBD concen
trations ranging from 1 ng mL− 1 to 10 μg mL− 1. The RI increases with 
the increasing of the RBD concentration according to Equation (1). 
Moreover, a linear correlation is observed between the RI and the log
arithm of RBD concentration (Fig. 4D) (RI vs. log [RBD]). The LOD is 
estimated to be 0.16 ± 0.0017 pg mL− 1 based on the standard deviation 
of 10 consecutive blank analyses (95% confidence value, n = 3), and the 
value is within the range of values found in the literature. The high 
sensitivity may be due to carbon fibers with a high electrochemically 
active area and selectivity for IgG-SARS-CoV-2 (Kumar et al., 2023; 
Liang et al., 2022). Adeel and coworkers (Adeel et al., 2022a) reported a 
similar strategy for the detection of SARS-CoV-2 using carbon fibers 
coated with gold with a LOD of 0.11 ng mL− 1. Table S3 shows the 
comparison of the biosensor presented in this work and other works 
found in the literature for detection of SARS-CoV-2, where it is possible 

Fig. 4. Biosensor Performance. A) Illustrative scheme of the interaction of the biosensor (FCF-IgG-SARS-CoV-2) with the analyte (RBD). B) DPV voltammograms 
for biosensor (black) and Biosensor + RBD (red). C) DPV voltammograms of the biosensor in different concentrations of RBD (0.001–10 mg mL− 1). D) Calibration 
curve of the reactivity index vs. log[RBD/mg mL− 1]. E) Cross-reactivity assays of biosensor + IgG (Human) (red), biosensor + IgM (Humano) (green), biosensor +
saliva (blue), biosensor + Dengue NPS1 (cyan) and biosensor + IgG RBD (pink). Concentration: 1 μg mL− 1. F) DPV voltammograms for biosensor (black) and 
Biosensor + (Saliva + RBD) (red). G) DPV voltammograms of the biosensor in different concentrations of RBD in saliva sample (0.001–10 mg mL− 1). H) Calibration 
curve of the reactivity index vs. log[RBD/mg mL− 1]. I) Calibration curve of ΔEp vs. log[RBD/mg mL− 1]. Supporting electrolyte: KCl 0.1 mol L− 1and Fe(CN)6

3− /4− (0.5 
mmol L− 1). 
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to observe that the LOD we obtained is in the range reported in the 
literature, indicating that our biosensor also has the potential to detect 
SARS-CoV-2 using FCF. 

Apart from the sensitivity and reproducibility of the biosensor, its 
selectivity was evaluated through a cross-reactivity study. Four negative 
controls human IgG, human IgM, NS1 protein–dengue, Nucleocapsid 
protein-SARS-CoV-2 and mixture of proteins (NS1 protein–dengue, 
Nucleocapsid protein-SARS-CoV-2) was evaluated using the biosensor 
(Fig. 4E). The cut-off value of the current density is approximately set 
from the LOD at a concentration of 1 μg mL− 1. This shows that no cross- 
reactivity is observed for human IgG, human IgM, saliva 10% (v/v), 
NPS1 protein–dengue, Nucleocapsid protein-SARS-CoV-2, and a mix of 
proteins (NPS1 protein–dengue, Nucleocapsid protein-SARS-CoV-2) at a 
concentration of 1 μg mL− 1. The presence of such species does not 
interact with the biosensor. Cross-reactivity is an important factor in 
analyses, particularly in human saliva. Previously reported data show 
that real samples can be very complex leading to false positive and 
negative signals; hence, it is important to evaluate other species (Sarode 
and Sarode, 2021). The complexity of the actual sample will be studied 
in detail in the future using samples from infected patients. The stability 
and reproducibility of the biosensor were also analyzed. The reproduc
ibility of RBD detection with a relative standard deviation (RSD) is 6.2% 
(Fig. S8A). The stability of DPV detection was evaluated for 25 succes
sive measurements (Fig. S8B). There are no significant changes in the RI 
(RSD = 9%) indicating that the biosensor is relatively robust and effi
cient for RBD detection, in addition to these studies, the reproducibility 
of the biosensor was also evaluated in the presence of saliva (Fig. S8C), 
which presented an RSD = 10.37 %, indicating that the proposed 
detection method is reproducible. 

In addition to the study under standard conditions, the behavior of 
the biosensor was also evaluated in enriched saliva samples. Fig. 4F 
displays the DPVs for the detection of RBD in saliva. The figure shows 
the voltammograms for the biosensor (black) and the saliva + RBD (red). 
From the Fig. 4F, it is possible to observe an electrochemical behavior 
like that observed for detection under standard conditions, in which 
there is a decrease in the current due to the formation of the immune 
complex. In addition, it is also possible to observe a displacement of the 
peak potential to more positive regions, behavior attributed to the 
complexity of the saliva sample. Biosensor performance was also eval
uated at different concentrations of RBD in saliva (Fig. 4G). The profile 
was also like that presented by the biosensor under standard conditions, 
however, the peak potential shift was more pronounced, indicating that 
increasing RBD concentration in saliva can cause a difference in the 
dynamics between saliva constituents. 

As in the indoor study, the biosensor’s reactivity index was also 
evaluated as a function of concentration (Fig. 4H). From the graph, it is 
possible to observe that the reactivity index increases as a function of the 
increase RBD concentration. This result is interesting, not only because 
is possible to identify the presence of RBD in saliva, but also is possible to 
quantify it. However, in the study on enriched saliva, the result more 
expressive was the sharp shift in potential values due to the increase in 
RBD concentration in saliva (Fig. 4G). Through these data it was possible 
to determine that the peak potential varies linearly with increasing RBD 
concentration (Fig. 4I). This may indicate a new way to detect and 
quantify the presence of SARS-CoV-2 in saliva. We did not find similar 
behavior in the literature; however, everything indicates that it is due to 
the complexity of saliva samples. Due to this complexity, several factors 
must be considered for the application of the biosensor in this sample 
matrix (Krishnaveni, 2021). 

3.3. Real samples analysis 

The performance of the FCF biosensor in real saliva samples was also 
evaluated. Saliva samples were collected from patients after negative or 
positive clinical trials of SARS-CoV-2. Fig. S9 shows a schematic diagram 
of the FCF biosensor operation for the detection of SARS-CoV-2 in 

human saliva samples positive/negative. A specific antibody anchored 
on the FCF surface interacts with the spike protein to form the immu
nocomplex IgG-SARS-CoV-2. The formation of the immunocomplex 
promotes a steric impediment that blocks the electrochemical response 
of Fe(CN)6

3− /4− on the FCF surface. Fig. 5A shows the DPV for biosensor 
in the presence of the buffer, the figure shows that without the presence 
of SARS-CoV-2 there is no significant change in the current. Fig. 5B 
shows the Biosensor in the presence of antibodies present in saliva (IgM, 
IgG specific and non-specific for covid), however, as in Fig. 5A, no sig
nificant change in current is observed, as the biosensor is only selective 
for the Spike protein present in the SARS-CoV-2. The Fig. 5C show de 
DPV for positive test for SARS-CoV-2. Fig. 5D shows the DPV of negative 
test for SARS-CoV-2. A contrast is observed between Fig. 5C and D, 
where the biosensor in the presence of a positive SARS-CoV-2 sample 
occurs a significant decrease in the biosensor current, indicating the 
interaction between the IgGS and the Spike protein of the virus, already 
in an increase negative sample (Fig. 5D) no significant variation is 
observed indicating the selectivity of the biosensor and the differentia
tion of positive and negative samples. 

Fig. 5E shows the sample dilution studies, in which with an increase 
in the dilution factor there is a decrease in the reactivity index, indi
cating that the best use of the sample is in the natural way in which it is 
collected. Therefore, the present study was carried out without diluting 
the saliva sample. In addition to the dilution factor, the time of exposure 
to the virus is also important to evaluate the applicability of the 
biosensor at different stages of the disease. In this sense, Fig. 5F displays 
the correlation between the days of symptoms and the biosensor reac
tivity index. This shows that in the first days of symptoms it is possible to 
identify the presence of SARS-CoV-2. This makes this biosensor prom
ising for use at point of care, as it can identify the presence of SARS-CoV- 
2 on different days of symptoms. 

Fig. 5G shows the ROC curve for in natura sample analysis. With the 
curve it was possible to estimate the cut-off at 0.25, which indicates that 
above this value samples are considered positive and below negative. 
With this value it was possible to construct a graph of separation of 
negative and positive samples (Fig. 5H). According to this graph, it was 
observed that there was a good separation of positive and negative 
samples, presenting only one false negative (Fig. 5I). These data indicate 
that the biosensor has excellent performance in natural samples, which 
can be comparable in performance to traditional detection methods for 
the analysis of SARS-CoV-2. 

In addition to previous experiments, the effect of inactivation on the 
biosensor performance was analyzed. Fig. 5J displays the ROC curve for 
the biosensor applied to an inactive saliva sample. Experimentally, the 
cut-off point can be estimated at 0.25, similar to those previously found. 
Fig. 5K presents the separation graph between positive and negative 
samples, with the estimated cut-off point. There may be a good sepa
ration between positive and negative samples, however some analyzes 
were within the error range of the experiment, indicating that there was 
one false negative and two false positives (Fig. 5L). This indicates that 
despite the sensitivity of the biosensor, samples that undergo heat 
treatment for inactivation lose the configuration of the proteins that 
compose the virus and thus lose the binding specificity with the 
biosensor. However, this result indicates that despite of a loss sensitivity, 
the biosensor is still promising for the analysis of SARS-CoV-2. 

In addition to the present strategy using the biosensors, employing 
protocols from the Brazilian Society of Laboratory Medicine (“Home - 
Abramed,” n.d.), the accuracy, sensitivity, and specificity were esti
mated at 93.30% (Table S5) for detection in saliva samples in natura and 
86.60%, 92.30%, and 82.35% for inactive saliva samples (Table S6). The 
decrease in the performance of the biosensor can be attributed to 
changes in the matrix of the heat-treated saliva samples. Moreover, it 
has been proven that the present strategy is highly efficient and selective 
for the detection of SARS-CoV-2. A kappa statistical test was also per
formed to assess the agreement between our dataset and the data ob
tained by RT–PCR analysis. The kappa coefficient is 0.93 for saliva 
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samples received from the patients agree with the data obtained from 
RT–PCR (Kraemer, 2015). In summary, the proposed miniaturized 
biosensor is label free, highly efficient, and selective for the detection of 
SARS-CoV-2 in human saliva. The estimated fabrication cost of the 
biosensor is approximately US$ 0.084, a considerably low price as 
compared to a few commercial diagnoses of COVID-19 (Table S7). 

4. Conclusion 

In this study, we present a straightforward and effective approach for 
designing biosensors based on FCF for the detection of SARS-CoV-2 in 
human saliva. The preanodized FCF in basic media offers a relatively 
large geometric surface area and exhibits good sensitivity towards 
electron transfer reactions for the redox probe pair [Fe(CN)6

3− /4− ]. 
Furthermore, by immobilizing IgG on the FCF-based biosensor, we 
enhanced its selectivity towards the spike protein RBD of SARS-CoV-2. 
To evaluate the biosensor’s detection capability, we conducted experi
ments using RBD in phosphate buffer solution at pH 7.2, which provided 
optimal operating performance. The biosensor demonstrated a limit of 
detection of the order of 0.16 pg mL− 1, with an accuracy of 93.3% for 
analysis in real samples. Additionally, the results obtained with the 
biosensor showed a high K-index of 0.9 and exhibited a good correlation 
with RT-PCR analysis in saliva. 
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