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Abstract: The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has posed a major challenge
to global health. The development of fast, accurate, and accessible diagnostic methods is essential
in controlling the disease and mitigating its impacts. In this context, electrochemical biosensors
present themselves as promising tools for the efficient monitoring of SARS-CoV-2 infection. We have
developed a highly specific biosensor for the detection of anti-SARS-CoV-2 antibodies in patient
sera. The use of the RBD-S region as an antigen, although purified to minimize cross-linking, poses a
specific challenge. The structural similarity between SARS-CoV-2 and other respiratory viruses, as
well as the complexity of the serum matrix, hinders robust analytical strategies to ensure diagnostic
accuracy. This work presents a novel immunosensor for COVID-19 diagnosis using laser-induced
graphene (LIG) electrodes subjected to electrochemical reduction with graphene (named rGraphene-
LIG). In the present study, we chose an initial approach focused on demonstrating the concept and
evaluating the feasibility of the rGraphene-LIG sensor for SARS-CoV-2 detection. The rGraphene-
LIG electrodes presented a notable current increase for the redox probe in the aqueous solution
of a mixture of 5 mmol L−1 potassium ferricyanide/ferrocyanide ([Fe(CN)6]3−/[Fe(CN)6]4−) in
0.1 mol L−1 KCl (pH set at 7.4). As a proof of concept, the rGraphene-LIG electrode was applied
for antibody determination in real samples using cyclic voltammetry, and a limit of detection (LOD)
of 0.032 µg L−1 was achieved. When determining antigens in commercial samples, we obtained an
LOD of 560 ηg mL−1 and a limit of quantification of 1677 ηg mL−1. The results of the electrochemical
experiments were in accordance with the surface roughness obtained from atomic force microscopy
images. Based on these results, the rGraphene-LIG electrode is shown to be an excellent platform
for immunoglobulin detection when present in individuals after antigenic exposure caused by
SARS-CoV-2.
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1. Introduction

The COVID-19 pandemic, triggered by SARS-CoV-2, has led to the rapid development
of accurate and efficient diagnostic tools. Among the various options, electrochemical
biosensors stand out for their portability, low cost, and speed [1–3].

Severe acute respiratory syndrome, caused by a pathogen from the beta-coronavirus
genus (SARS-CoV-2), has created a great challenge for humanity. Shortly after reports on
the first cases of pneumonia of an unknown origin, which occurred in China, the world
began to deal with the first major pandemic of the XXI century [4]. In this sense, scientific
efforts were directed towards diverse areas of health so that the side effects of this disease
were reversed, and there were investments in protein recognition, the mechanisms of action
of the virus in the body, the production of antigens (Ag) and antibodies (Ac) on a large
scale, prototypes for medicines, vaccines, diagnostics, and treatments [1–3].

In viral infections, type M immunoglobulins (IgM) are commonly present in the
early stages of infections, while type G immunoglobulins (IgG) are recognized during
later emergence and exhibit a prevalence in immunological memory processes. Thus, in
COVID-19, immunoglobulins can be important biomarkers when analyzing the responses
offered by the patient’s body to the infection [5]. Thus, since the beginning of the pandemic
caused by SARS-CoV-2, several immunological and parasitological diagnoses have been
developed, and we can observe the availability of gold-standard assays such as the enzyme-
linked immunosorbent assay (ELISA) [6–9], C-reactive protein (PCR) [10], and rapid antigen
tests (including self-tests) [11–15].

Electrochemical biosensors have advantages over other analysis systems, presenting
diagnostic speed, portability, appropriate sensibility and selectivity, and a good cost–benefit
ratio [16], and they can be applied even in regions with health systems with minimal
infrastructure. In these devices, taking into consideration their wide range of properties,
structures, and abundances, carbon-based materials have been used as a platform in
an attempt to establish electrochemical diagnostics [17–20] as well as electrochemical
biosensors for COVID-19 [21,22].

Since the emergence of the COVID-19 pandemic, several research groups have been
developing diagnostic genosensors that establish the necessary reliability and portabil-
ity [23,24]. In this sense, it is possible to observe works in which the polymers that helped
in the detection of patients were printed onto the working electrodes; those describing the
development of multiplex genosensors adapted to read the N and S proteins of SARS-CoV-2,
presenting similar performance to the RT-qPCR technique [23]; and works describing the
development of genosensors that utilize samples normally used in traditional tests, such as
nasopharyngeal and salivary samples. In general, the diagnoses achieved by these groups
are based on the viral genetic detection of patients affected by COVID-19 [16,22,24,25].

Laser-induced graphene electrodes (LIGs) on polyimide sheets provide interesting
characteristics to improve diagnostic tests due to their unique properties, such as a three-
dimensional macroporous structure, good conductivity and flexibility, a superior and facile
laser fabrication process, and a low manufacturing cost [26–28]. In the construction process
of these devices, sp3 carbons (from polyimide) are converted into sp2 carbons via a pho-
tothermal reaction, improving the electrical conductivity of the material and consequently
the electrochemical performance. Thus, LIGs have been employed as substrates and modi-
fied with enzymes and aptamers, among other biological materials, to construct efficient
biosensors [29,30].

The detection of anti-SARS-CoV-2 antibodies is essential in monitoring the evolution
of the disease, evaluating the efficacy of vaccines, and monitoring the emergence of new
variants. The biosensor proposed in this study represents a significant advancement in
this area, offering a powerful tool in the management of the pandemic and in facing future
threats to public health.

In this work, we produced a more cost-effective LIG platform for the detection of
immunoglobulins in SARS-CoV-2. The LIG electrodes were subjected to different method-
ologies to adapt them to the profile of the biomolecule used, involving the electrochemical
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reduction of graphene. For comparison with the proposed diagnostic model, the enzyme-
linked immunosorbent assay (ELISA), one of the techniques considered the gold standard
for immunological detection, was used. Furthermore, to confirm the results and improve
the readability of the diagnosis, artificial intelligence (AI) was incorporated into the devel-
opment of this electrochemical biosensor.

2. Materials and Methods
2.1. Reagents and Instrumentation

All solutions were prepared using ultrapure water with resistivity greater than
18.2 MΩ cm (Millipore Corporation, Burlington, MA, USA). The used reagents were
of analytical grade and without further purification (except commercial antigens). The
biomolecule used as an antigen was the SARS-CoV-2 Spike Protein (S-RBD//a319–541) mFc
Tag Recombinant Protein (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA). For
the electrochemical characterization of the immunosensor, 5.0 mmol L−1 [Fe(CN)6]3−/4−

and 0.1 mol L−1 KCl were used as a probe redox and supporting electrolyte, respectively.
The samples used in the experiments from patients who were positive for SARS-CoV-2

were authorized by the National Commission of Ethics in Research (CONEP) by Plataforma
Brasil, under opinion number 3.957.676. All electrochemical measurements were carried
out via cyclic voltammetry (CV) using EmStat 1 (PalmSens BV, The Netherlands) connected
to a microcomputer at room temperature (25 ± 1 ◦C).

2.2. Fabrication of LIG Electrodes and Immunosensor

The LIG electrodes were produced on a polyimide sheet (φ 0.125 mm), obtained
from Vemar (Sorocaba, Brazil), by laser engraving, as reported previously [26], using a
blue laser with the power adjusted to 0.84 W and at a speed of 20 mm s−1. The proposed
design consisted of a three-electrode configuration (working, counter, and pseudo-reference
electrodes), similar to commercial screen-printed electrodes [31].

In these electrodes, we used a KCl solution, which acts as an ideal electrolyte, fa-
cilitating charge transfer between the electrode surface and the electrolyte solution and
promoting the activation and reduction of stimuli coming from these electrodes. In this
way, the presence of K+ ions in the solution reduces the interfacial resistance between the
electrode and the electrolyte, optimizing the electron transfer and improving the electro-
chemical response. Activation with KCl increases the sensitivity and selectivity of LIG
electrodes, allowing the precise detection of specific analytes with greater precision.

During the immunosensor development phase, we used some protocol variations, and
the following immunosensor modifications and/or assemblies were tested.

(1) The LIG electrodes were reduced (rGraphene-LIG) and antigen immobilization was
performed on the working electrode, followed by blocking with non-human protein
and subsequent incubation with serum from an individual positive for COVID-19,
containing anti-SARS-CoV-2 antibodies.

(2) The LIG electrodes were reduced (rGraphene-LIG) and the immobilization of the
serum from the COVID-19-positive individual, containing anti-SARS-CoV-2 antibod-
ies, was performed on the working electrode, followed by blocking with non-human
protein and subsequent incubation with a commercial antigen, the SARS-CoV-2 Spike
Protein (S-RBD//a319-541) mFc Tag Recombinant Protein (Invitrogen, ThermoFisher
Scientific, Waltham, MA, USA).

(3) The LIG electrodes were modified with graphene oxide (GO) and then reduced (Graphene-
rGO-LIG), and antigen immobilization was performed on the working electrode, fol-
lowed by blocking with non-human protein and subsequent incubation with serum
from a COVID-19-positive individual, containing anti-SARS-CoV-2 antibodies.

(4) The LIG electrodes were reduced, modified with graphene oxide, and then reduced
again (rGraphene-rGO-LIG), and antigen immobilization was performed on the working
electrode, followed by blocking with non-human protein and subsequent incubation with
serum from individuals positive for COVID-19, containing anti-SARS-CoV-2 antibodies.
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The reduction of graphene in the LIG electrodes into reduced graphene (called
as r-Graphene-LIG in the text) was performed via cyclic voltammetric experiments in
0.1 mol L−1 KCl in the potential range of +0.5 V and −1.5 V (vs. Ag/AgCl), with a scan
rate of 50 mV s−1 and step of 0.015 V. This procedure was adapted from the literature [32].

The immunosensor was built considering the antigen–antibody interaction. The
immobilization of the biomolecules was carried out through adsorption; in this way, as
a biomolecule was inserted, the conducting sites of the working electrode were blocked
and, with this, a drop in current occurred. Thus, lower current readings were due to the
immobilization of the initial biomolecule, and, when there was a detection, the current
dropped even further. To avoid unspecific binding, a blocking solution (BS), was inserted
after the adsorption of the initial biomolecule and washes were performed after all steps.

Thus, 80 µL of the redox probe solution, 5.0 mmol L−1 [Fe(CN)6]3−/4, was poured
over the three electrodes, closing the circuit of the working electrode between the other two
electrodes (counter electrode and reference), and the binding between the biomolecules
was observed.

The percentages of oxidation and the reduction current were calculated from the initial
CV (without the biomolecule), being considered as 100%.

2.3. Scanning Electron Microscopy (SEM)

The characterization of the morphology and composition of the laser-induced graphene
electrodes (LIGs) used in the electrochemical biosensors was carried out using scanning
electron microscopy (SEM) on a TESCAN VEJA 3LMU instrument. The LIG electrodes
were fixed to aluminum stubs with conductive carbon tape to ensure good electrical contact
during the analysis. For samples with low conductivity, metallization was performed with
a thin layer of gold by sputtering.

The images were obtained under different operating conditions, adjusting the ac-
celeration voltage, working distance, and beam current according to the characteristics
of each sample. The magnification was adjusted to visualize the LIGs, from the general
morphology to nanometric details. To identify the elements present in the LIGs and map
their spatial distributions, energy-dispersive X-ray spectroscopy (EDS) was used.

2.4. Specificity

In addition to the tests performed on samples from individuals containing anti-protein
S antibodies to SARS-CoV-2, pre-pandemic serum samples were used to check for possible
nonspecific interactions.

2.5. Analytical Parameters

To evaluate the immunosensor’s sensitivity, an analytical curve with different dilutions
of the serum from an individual positive for COVID-19 infection, containing anti-SARS-
CoV-2 antibodies, was performed, namely pure serum, 1:300, 1:500, 1:1000, 1:1500, and
1:5000.

To check whether the electrochemical device’s detection depended on the SARS-CoV-2
antigen, a comprehensive analytical curve was obtained with various dilutions of the RBD
SARS-CoV-2 antigen, namely 1 µg mL−1 and dilutions 40 ηg mL−1, 4 ηg mL−1, 2 ηg mL−1,
and 0.2 ηg mL−1. This methodology aimed to guarantee the robustness and reliability of
the results.

2.6. Interpreting Data by Artificial Intelligence (AI)

The pattern recognition in this work was developed through the Perceptron system.
The data were obtained through the selection of voltammogram analysis; data mining
was performed from the examination of information and the construction of existing
relationships between the voltammograms generated by the electrochemical methodology
and was executed using the deep learning system. The indices of interest were then
consolidated to formulate the appropriate structure for the exploration and storage of the
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information. In this work, as algorithms, we used the Adam optimizer combined with
the sigmoid function applied to the stochastic objective functions, and we applied values
between 0 and 1 to define positive and negative patterns [33]. To increase the accuracy of
the diagnostic analysis, the ReLu function was applied.

2.7. Indirect Enzyme-Linked Immunosorbent Assay (ELISA)

The standardization of the indirect ELISA for the determination of immunoglobulin
G (IgG) anti-protein S of SARS-CoV-2 in serum samples from patients positive for the
infection was also conducted.

High-affinity plates (Thermo ScientificTM NuncTM, EUA) were sensitized with the com-
mercial antigen, SARS-CoV-2 Spike Protein (S-RBD/a319-541) and mFc Tag Recombinant
Protein (Invitrogen, ThermoFisher Scientific, Waltham, Massachusetts, EUA) (0.2 µg mL−1),
diluted in carbonate–bicarbonate buffer 0.06 mol L−1 (pH 9.5) and incubated for 18 h in
4 ◦C. After incubation, the plate was washed 3 times with a washing buffer PBS 1x (sodium
phosphate saline solution with pH 7.4) containing 0.05% in Tween 20 (PBS-T) and blocked
with PBS-T containing 5% skim powdered milk (Molico, Nestlé, São Paulo, SP, Brazil,
PBS-T-M5 %) for 4 h at room temperature.

The plate was washed again and then the serum samples (1:100 diluted) were pipetted
and incubated for 3 h at room temperature. After further washing, the anti-human IgG
antibody (1:2000) conjugated with peroxidase (IgG/HRP, DAKO) was added and incubated
for 2 h at room temperature. The conjugate was removed after further washing and the
reaction was then revealed by the addition of the substrate 3,3′,5,5′-tetramethylbenzidine
(ThermoFisher Scientific, Waltham, MA, USA).

Optical density (OD) values were determined in the microtiter plate reader at 450 nm.
Antibody levels were expressed using the index ELISA (EI), according to the formula
EI = DO sample/cut-off. The cut-off calculation was performed with the mean OD of the
negative control serum (pre-pandemic serum) plus 3 standard deviations. EI values greater
than or equal to 1.2 were considered positive, while borderline values close to EI = 1.0
were disregarded.

2.8. Statistical Analysis

To demonstrate the analyses, a comparative study of the voltammograms together
with column graphs containing the peak current data, extracted from the CV measurements,
was used.

3. Results and Discussion

The experiments carried out aimed at the characterization and development of an electro-
chemical immunosensor on an LIG platform for the detection of immunoglobulins produced
against the SARS-CoV-2 virus during the acute phase of infection and/or monitoring the
levels of antibodies after infection and/or vaccination. Figure 1 shows the preparation steps
for a standardized immunosensor for the detection of anti-SARS-CoV-2 antibodies.
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Figure 1. Schematic of rGraphene-LIG immunosensor. The manufacture of LIG electrodes was
carried out using a device adapted to the Hypercube 3D printer. The steps for the preparation of
the immunosensor were as follows. Electrochemical reduction in a KCl solution was conducted to
improve the performance of the LIG electrodes. The rGraphene-LIG electrode was selected as the
base platform; the SARS-CoV-2 antigen (Ag) was immobilized on the working electrode; the blocking
solution was coupled to the platform; the antibodies (Ab—sample/real serum from the individuals)
were coupled; and, at the end, the electroanalytical solution was inserted and the transduction
process began.

3.1. Reduced Graphene-LIG Electrodes

Our immunosensor used the receptor-binding domain (RBD) because it is responsible
for binding the spike protein of SARS-CoV-2 to the angiotensin-converting enzyme 2 of
human cells (hACE2) [34]. Thus, the experiments consisted of the standardization of the
rGraphene-LIG immunosensor in order to guarantee the good detection of anti-SARS-CoV-2
antibodies in the sera of the individuals.

Initial tests with (1) rGraphene-LIG were performed on working electrodes treated
with 0.1 mol L−1 KCl and demonstrated the good detection of antibodies in the serum of an
individual known to be positive for this infection (Figure 2A,B). These results corroborate
research that points to the efficiency of graphene electrodes when compared to other
carbonaceous materials, since graphene increases the surface area and offers the ability to
bind molecules through physical adsorption on the electrodes used in the construction of
electrochemical biosensors [19].

To check whether we could also build a device using the patient’s serum containing
anti-SARS-CoV-2 antibodies as a probe to search for SARS-CoV-2 antigens (analyte), we
tested the possibility of initially inserting the individual’s serum into the (2) rGraphene-LIG
electrode, leaving the commercial antigen for the detection step. Since patients’ serum
represents a readily available source of biological probes, it eliminates the need for the
purification or modification of commercial types of probes.

In this experiment, we verified that there was detection, but the inferiority of the diag-
nostic parameters was observed when compared to the indirect immunosensor
(Figure 2C,D). It is possible that this occurred because patients’ serum is a complex, protein-
rich compound. In percentage proportions, albumins represent around 60% of the protein
components of this sample, while globulins comprise the other 40%, and, among the globu-
lins, we can observe the presence of immunoglobulins G (IgGs) that represent up to 20% of
this compound [35]. Therefore, improvements related to direct immunosensing require the
greater purification and pre-treatment of samples, which may hinder the global application
of these diagnoses in remote and resource-poor areas.
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Figure 2. Graphic representing the initial value of the rGraphene-LIG immunosensor and the com-
parative methodology between (1) and (2) rGraphene-LIG diagnosis. (A,B) Cyclic voltammogram
and column graph from (1) rGraphene-LIG indirect immunosensor extracted from cyclic voltam-
metry (CV) show the change in the current peak percentages (a) after the immobilization of the
SARS-CoV-2 antigen (spike protein) followed by BS; (b) after the addition of sera from individuals
with a known recent infection. (C,D) Cyclic voltammogram and column graph from (2) rGraphene-
LIG immunosensor extracted from cyclic voltammetry (CV) show the change in the current peak
percentages (a) after antibody immobilization (contained in the serum of an individual with a
known recent infection) followed by BS; (b) after the addition of the SARS-CoV-2 antigen (spike
protein). The percentages were calculated from the initial CV (without biomolecules), counted as
100%. The data denote oxidation in orange and reduction in green. The electrochemical signals of
[Fe(CN)6]4−/[Fe(CN)6]3− were obtained at a scan rate of 100 mV s−1. PP1 = Positive Patient 1.

3.2. Graphene-GO-LIG Electrodes

Another possibility for improvement was the application of 0.5 mg mL−1 GO solution,
due to its ability to increase the surface area of the electrode. For such tests, we evaluated
the effectiveness of the modification with the adsorption of GO directly on the electrode
followed by reduction—(3) Graphene-rGO-LIG(Figure 3A,B)—and also by performing
reduction before and after GO adsorption—(4) rGraphene-rGO-LIG (Figure 3C,D). When
comparing the results, we observed a slight improvement after performing the reduction
before and after graphene adsorption ((4) rGraphene-rGO-LIG immunosensor).

However, the modification with GO, in both (3) and (4), did not improve the im-
munosensor, because, when we compared the results for (1) rGraphene-LIG (Figure 2A,B),
which was the best platform among the Graphene-LIGs, and (4) rGraphene-rGO-LIG
(Figure 3C,D), which was the best platform among the Graphene-GO-LIGs, we could
observe that the best performance in the tests occurred for (1) rGraphene-LIG (Figure 2A,B).
Reduced graphene oxide (rGO) has good conductive characteristics, but, in aqueous so-
lutions, the aggregations generated by cohesive interactions make it difficult to disperse
this material, especially in polymer matrices, where the interfacial interactions become
fragile [36,37]. After the analysis, we chose to continue with the electrochemical device
without the GO modification, since we did not observe significant statistical differences
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between the two platforms (Figure 3A–D). This decision was made based on several factors
that considered the feasibility and social impact of our test in detecting SARS-CoV-2.
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Figure 3. Comparison of Graphene-GO-LIG modification with (3) graphene oxide (GO) without
prior reduction and with (4) reduction before and after GO adsorption. (A,B) Cyclic voltammogram
and column graph extracted from cyclic voltammetry (CV) show the change in the current peak
percentages (a) after the immobilization of the SARS-CoV-2 antigen (spike protein) followed by BS
and (b) after the addition of sera from individuals with a known recent infection in (3) Graphene-
rGO-LIG. (C,D) Cyclic voltammogram and column graph extracted from cyclic voltammetry (CV)
show the change in the current peak percentages (a) after the immobilization of the SARS-CoV-2
antigen (spike protein) followed by BS and (b) after the addition of sera from individuals with a
known recent infection in (4) rGraphene-rGO-LIG. The percentages were calculated from the initial
CV (without biomolecules), counted as 100%. The data denote oxidation in orange and reduction
in green. The electrochemical signals of [Fe(CN)6]4−/[Fe(CN)6]3− were obtained at a scan rate of
100 mV s−1. PP1 = Positive Patient 1.

3.3. Specificity and Comparison with Indirect ELISA

Seeking to challenge the devices developed, we chose to analyze their performance
by preparing a pre-pandemic serum, which was negative for SARS-CoV-2 infection; we
observed an interaction in all models of the platform (Figure 4A,B). In immunology, we refer
to antigens as the constituent proteins of a microorganism that are capable of triggering an
immune system response.

Each antigen can have several epitopes, which are sequences of amino acids that are
recognized by cells or antibodies (also called immunoglobulins) in the adaptive immune
response, so that there is a specific response for the type of microorganism causing the infec-
tion [38,39]. Although antibodies have specificity, in some cases, nonspecific binding may
occur due to the fact that the same antibody recognizes two completely different epitopes
that are structurally similar (molecular mimicry) [40–42]. This nonspecific recognition can
occur both between epitopes of different microorganisms and when an antibody specific to
a pathogen mistakenly binds to the individual’s own antigens.
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In terms of SARS-CoV-2 infection, this could be a plausible explanation for the non-
specific interaction presented in our immunosensor. A study by Shiakolas and colleagues
(2021) analyzed a sample of peripheral blood mononuclear cells (PBMC) from an individual
affected by SARS-CoV ten years before the collection was performed and observed that
cross-reactivity occurred between other coronaviruses and SARS-CoV-2 in several protein
S epitopes, including the receptor-binding domain (RBD) that was tested in our study,
although this was a weak interaction [43].

Tests on serum samples from patients who had contracted SARS-CoV years before,
performed by ELISA, also demonstrated strong cross-reactivity with SARS-CoV-2 for both
the nucleocapsid protein (N); the S, S2, and S1 proteins; and the RBD of the spike protein,
although the reactivity between the two was lower [44].

ELISA is commonly used to validate immunosensors, as it is a well-established tech-
nique in serological diagnoses. Thus, the results obtained with the developed biosensor
(Figure 5A) were also confirmed by this technique (Figure 5B). Both techniques were in
agreement (Figure 5C). However, in our experiments, we observed that the electrochemical
immunosensor was able to demonstrate the presence of mild nonspecific interactions not
identified in the ELISA; this can be explained by the good sensitivity of the biosensor when
compared to other available techniques for the serological detection of patients and the
initial “n” for the ELISA that was considered low for this analytical technique.

Patients who had recovered from the disease caused by SARS-CoV also had T cells with
high cross-reactivity with the N protein from SARS-CoV-2 [41]. Interestingly, individuals
not exposed to SARS or COVID-19 also showed this cross-reactivity [45]. Previous studies
have demonstrated pre-existing CD4+ T cell reactivity to SARS-CoV-2 in a substantial
proportion of unexposed individuals, with Grifoni et al. (2020) reporting recognition rates
of 40–60% and Braun et al. observing similar responses in approximately 35% of their
study [46,47].

Sequence homology between SARS-CoV-2 and other human coronaviruses (HCoVs)
has been observed and this sequence similarity likely contributes to the presence of pre-
existing memory CD4+ T cells that can recognize SARS-CoV-2 epitopes in individuals
with no known prior exposure to the virus [48], which are circulating in several countries.
In the United States, for example, between 2014 and 2017, more than 850,000 tests were
performed for HCoV, reported in 117 laboratories in 42 states, of which almost 30,000 were
positive [49]. Thus, considering the number of circulating coronaviruses and the presence
of other reports of the previous detection of cells and antibodies showing cross-reactivity
with SARS-CoV-2, this may be one of the reasons for the presence of weak antigen–antibody
interactions detected in the negative sera in our tests.
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Figure 5. Comparison between rGraphene-LIG immunosensor and ELISA results. (A) The column
graph extracted from cyclic voltammetry (CV) shows the change in the current peak percentages
(a) after the immobilization of the SARS-CoV-2 antigen (spike protein) followed by BS; (b) and
(c) after the addition of serum from an individual with a known recent infection; (d) and (e) after
the addition of pre-pandemic serum. The data denote oxidation in orange and reduction in green.
(B) Indirect ELISA. (C) Correlation between levels of total IgG antibodies in ELISA and percentage of
currents (mA) in electrochemical tests. The horizontal line represents the point where individuals are
considered positive in the ELISA, with EI = 1.2. PP1 = Positive Patient 1; PP2 = Positive Patient 2;
PN1 = Negative Patient 1; PN2 = Negative Patient 2.

Another explanation for the nonspecific interactions demonstrated in the sera of
negative individuals would be the presence of the soluble human protein angiotensin-
converting enzyme 2 (sACE2) binding to the RBD-S antigen used. It has already been
shown that the RBD strongly binds to soluble ACE2 from both humans and bats and
that soluble ACE2 could block the binding between the SARS-CoV-2 RBD and its cellular
receptor, hACE2 [50], acting as a neutralizing agent regarding virus invasion into cells
in vitro [51,52]. Thus, it is possible that soluble ACE2 may be present in the sera of negative
individuals, binding to the RBD present in the immunosensor; however, more tests and a
greater number of samples are needed to test this hypothesis.

3.4. Analytical Curve

Figure 6 demonstrates the preliminary results of the analytical curve using the im-
munosensor. In Figure 6A, the current of the redox probe is inversely proportional to
the concentration of antibodies. We used the following serum dilutions from individuals
positive for coronavirus infection: 1:300, 1:500, 1:1000, 1:1500, and 1:5000 to perform the an-
tibody calibration curve. Thus, our results presented a correlation coefficient of 0.9994 (for
the equation: i(%) = −727.5 × [serum dilution ratio] + 72.83). The equation was obtained
from the linear regression of the peak current (%) vs. the RBD-SARS-CoV-2 concentration.
As a proof of concept, the rGraphene-LIG electrode was applied for antibody determination
in real samples using cyclic voltammetry with a limit of detection (LOD) of 0.032 µg L−1.
In Figure 6B, the redox probe current is inversely proportional to the concentration of
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antigens. We used serial dilutions of the SARS-CoV-2 Spike Protein (S-RBD/a319-541)
and mFc Tag Recombinant Protein at 1 µg mL−1 and dilutions of 40 ηg mL−1, 4 ηg mL−1,
2 ηg mL−1, and 0.2 ηg mL−1 (tests carried out in triplicate). This graph presents a corre-
lation coefficient of 0.9798, using an equation obtained from the linear regression of the
current peak (%) vs. the concentration of anti-SARS-CoV-2 antibodies. As a proof of con-
cept, the Graphene-LIG electrode was applied to determine antigens in commercial samples
using cyclic voltammetry, with an LOD of 560 ηg mL−1 and a limit of quantification of
1677 ηg mL−1. Supplementary Table S1 compares the obtained results in this work with
those for some other biosensors for SARS-CoV-2 detection and their characteristics.
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Figure 6. Analytical curves obtained from the percentages of the current peaks for triplicate mea-
surements of the biosensors in the presence of serum from an individual positive for coronavirus
infection (A) containing anti-SARS-CoV-2 antibodies, in pure serum, and in dilutions of 1:300, 1:500,
1:1000, 1:1500, and 1:5000. Analytical curves obtained from the percentages of the current peaks for
triplicate measurements of the biosensors in the presence of RBD antigen (B) in 1 µg mL−1 and in
dilutions of 40 ηg mL−1, 4 ηg mL−1, 2 ηg mL−1, and 0.2 ηg mL−1 (B). PP1 = Positive Patient 1.

3.5. Surface Characterization by Atomic Force Microscopy (AFM)

As shown in Figure 7B, the immobilization of the RBD produced a decrease in the
height and size of the clusters when compared to the electrode without biomolecules
(Figure 7A), indicating that the RBD was successfully incorporated onto the electrode
surface. The electrodes containing graphene RBD + BSA/positive patient (Figure 7C)
showed topographies that were more homogenous, suggesting the occurrence of the
hybridization event, in agreement with the results obtained in the electrochemical studies.
Meanwhile, graphite/RBD + BSA/negative patient (Figure 7D) showed topographies with
a globular aspect, but the latter was less homogenous, presenting larger clusters as in
Figure 7B, suggesting the absence of the hybridization event.

Thus, for the comparison and monitoring of potentially neutralizing anti-RBD anti-
bodies after SARS-CoV-2 infection, the development and characterization of this electro-
chemical biosensor performed on rGraphene-LIG electrodes proved it to be efficient.

In our results, we analyzed the correlation between the morphology of the LIG and
the electrochemical performance obtained in the proposed biosensor. SEM proved to be an
essential tool for the characterization of the LIGs, providing detailed information about
their morphologies and compositions. The clarity between the structural characteristics
of the LIGs and the performance of the biosensors allowed a better understanding of
the working mechanisms of these devices and contributed to the development of new
biosensors with greater sensitivity and selectivity.
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Figure 7. AFM images of (A) graphene; (B) graphene/RBD + BSA; (C) graphene/RBD + BSA/positive
patient; and (D) graphene/RBD + BSA/negative patient. Roughness values obtained by AFM
were 309 nm (bare graphene electrode), 235 nm (graphene/RBD + BSA), 166 nm (graphene/RBD +
BSA/positive patient), and 220 nm (graphene/RBD + BSA/negative patient).

The SEM micrographs presented in Figure 8A–D demonstrate the characteristic mor-
phologies of the laser-induced graphene electrodes (LIGs) used in this study. The porous
and rough structure observed is the result of the laserization process, which promotes the
formation of a network of interconnected pores, increasing the surface area of the material
and consequently its adsorption and charge transfer capacity [52,53]. This morphology is
fundamental to the performance of LIGs as electrodes in electrochemical devices, such as
the biosensor developed in this work.

The comparison between the SEM images and the electrochemical results obtained
allowed the establishment of a correlation between the morphologies of the LIGs and
the performance of the sensors. The large surface areas and porous structures of the
LIGs contributed to the greater sensitivity and selectivity of the biosensor, facilitating the
detection of biomarkers of interest.

Scanning electron micrographs (SEM) of graphene electrodes modified with different
biomolecules were obtained for (A) graphene; (B) graphene/RBD + BSA; (C) graphene/RBD
+ BSA/positive patient; and (D) graphene/RBD + BSA/negative patient. The images reveal
the surface morphologies of the electrodes, highlighting the presence of porous and rough
structures characteristic of graphene, as well as the interaction of the biomolecules with the
electrode surface (scale: 10 µm). Figure 8A shows the parallel conductive tracks engraved
by the laser, typically obtained for LIG electrodes. Figure 8B–D show the surfaces covered
by the respective modifiers added to the electrode surface. The conductive tracks shown in
Figure 8A were completely covered after the biosensor’s construction.
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Figure 8. Scanning electron micrographs (SEM) of graphene electrodes modified with different
biomolecules in (A) graphene; (B) graphene/RBD + BSA; (C) graphene/RBD + BSA/positive patient;
and (D) graphene/RBD + BSA/negative patient. The images reveal the surface morphologies of the
electrodes, highlighting the presence of porous and rough structures characteristic of graphene, as
well as the interaction of the biomolecules with the electrode surface. Scale: 10 µm.

3.6. Artificial Intelligence

In studies involving clinical diagnoses, sometimes, it is necessary for qualified profes-
sionals to monitor specific parameters of the device, which brings difficulty in commercial-
izing these diagnoses at a low operational cost. From this point of view, the development of
software that simplifies the analysis of the results and maintains quality in the recognition
of positive and negative patients is a contemporary demand [54,55].

In this sense, envisioning the development of diagnostic tests that are cost-effective
and commercially possible for interfaces created using biosensors, an initial model of a
neural network (Figure 8) has been proposed that makes it possible to use a commercial
device for the diagnosis or monitoring of specific anti-SARS-CoV-2 immunoglobulins. In
the input layer of this artificial intelligence model, 10 coupled neurons were used to analyze
the electroanalytical reading patterns and obtain the analyzed biomolecules. Therefore,
the output layer was developed with one neuron with a sigmoid activation function
programmed to evaluate the positivity or negativity of the patients presented.

The rigor of the developed method was evaluated through error calculation
(Figure 9A). Results with indices close to zero on the “y-axis”, as demonstrated in this work,
are related to greater efficiency in dealing with the data presented. To assess the accuracy
of the method developed, an analysis chart was generated (Figure 9B), so that results close
to 1 on the “y-axis”, as presented in this work, indicate a higher rate of correct answers in
the process of creating the training model.
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Figure 9. Development and application of artificial intelligence (AI) to improve diagnostic results.
(A) Graph representing the likelihood of errors in the methodology applied for the diagnostic
evaluation of patients. (B) Graph indicating the precision model presented for the applied diagnostic
methodology. (C) Assessment matrix for the diagnosis of the evaluated disease. (D) Table representing
the mean diagnostic accuracy presented by the developed artificial intelligence.

The developed confusion matrix (Figure 9C) sought to present the results from the
neural network in a more accessible way; thus, the methodology developed proved to be
efficient for the number of patients presented to the interface. Here, when we presented
patients with the presence of anti-SARS-CoV-2 immunoglobulins and pre-pandemic sera,
this software was able to obtain correct results. Thus, these results indicated average
precision of 100% (Figure 9D) for the proposed data. In this way, our results demonstrate
the potential of the artificial intelligence model developed in the detection of positivity and
negativity in patients.

4. Conclusions

The COVID-19 pandemic has highlighted the urgent need to strengthen the resilience
of health systems to face new threats to public health. Investments in the research and
development of innovative technologies are crucial. The results of this study demonstrate
the potential of LIG electrode biosensors as a powerful tool for the rapid and accurate
detection of neutralizing antibodies against SARS-CoV-2.
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This study demonstrates the potential of an electrochemical immunosensor based on
r-LIG electrodes for the detection of immunoglobulins produced against SARS-CoV-2. The
sensor demonstrated high sensitivity, with detection limits of 0.032 µg·L−1 for antibodies
and 560 ηg·mL−1 for antigens. The r-LIG platform outperformed conventional methods
in terms of speed (cyclic voltammetry analysis) and simplicity (avoiding the need for
fluorophore or enzyme labeling).

In addition, AFM and SEM characterization revealed visual evidence of the successful
immobilization of the RBD antigen on the electrode surface. Furthermore, the introduc-
tion of artificial intelligence in the data analysis allowed the automation of the results’
interpretation, making the diagnosis faster and more accessible.

Although initial tests with patient serum as a probe source for SARS-CoV-2 antigen
detection showed promising results, indirect immunodetection using a purified viral
antigen proved to be more efficient and standardizable. Despite the nonspecific detection
observed in some SARS-CoV-2-negative sera, possibly due to cross-reactivity with other
coronaviruses, the sensor demonstrated high specificity for positive samples. Future
research advancing the implementation of gating strategies to minimize cross-reactivity
will be essential to improve the sensor.

Thus, this work presents a promising electrochemical immunosensor for the detection
of anti-SARS-CoV-2 antibodies. The combination of high sensitivity, speed, simplicity,
and integration with artificial intelligence makes this technology an attractive tool for
the diagnosis of COVID-19 in different scenarios, including point-of-care and resource-
limited settings.
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