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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel method for the fabrication of graphene as a functional interface for electrochemical

Graphene . sensors. Graphene was synthesized by probe-assisted ultrasonic exfoliation of graphite stabilized by the SARS-

S:g;;ré-v:/o;kmg electrode CoV-2 spike (S) protein. In this dual-function approach, the S protein is used for both graphene stabilization
_CoV-

and antibody recognition, simplifying the production of biosensors.

The biosensor was fabricated by modifying a carbon working electrode with the stabilized graphene-S-protein
complex. Electrochemical impedance spectroscopy revealed a linear detection range from 1.0 pg/mL to 10.0 ng/
mL in diluted human serum, with a detection limit of 0.17 pg/mL. The high selectivity for the S protein was
confirmed against the SARS-CoV-2 nucleocapsid protein. The device successfully analysed serum samples,
demonstrating its practical application.

These results emphasize a simple, innovative platform that integrates graphene synthesis and biosensor
functionality. This approach not only ensures a sensitive and stable substrate for monitoring antibodies against
SARS-CoV-2, but also offers an approach that can be extended to detect different antibodies, by selecting the
stabilizing protein that binds to the intended antibody.

Spike protein
Electrochemical biosensor
Point-of-care testing

1. Introduction

Graphene-based electrochemical biosensors enable the sensitive and
cost-effective detection of various biomolecules due to the excellent
properties of graphene sheets, which are electrically conductive, have a
large surface area and excellent dispersibility, and can be easily func-
tionalized [1-4]. These physical and chemical properties, combined
with low production costs and low environmental impact, make gra-
phene an extremely attractive material for biosensing applications
[5-8].

Graphene can be obtained by a variety of methods [9]. Bottom-up
strategies rely on the chemical arrangement of carbon atoms to form
graphene layers, while top-down strategies use a different material as a
carbon source to obtain graphene. Mechanical exfoliation of graphite
flakes is considered one of the simplest and most cost-effective methods
[10]. This includes ultrasonic treatment, which makes it possible to
shorten the time for exfoliation and produce graphene sheets of more

homogeneous size. With high-power ultrasound, thin and single-layer
graphene sheets are usually produced in a few minutes, although dam-
age and defects can occur at the edges of the graphene flakes [11,12].
In the specific case of electrochemical sensor technology, graphene
should interact with the sensor surface, which is why it should be pre-
sent in the form of an aqueous suspension. However, graphene is natu-
rally hydrophobic due to the condensed aromatic benzene rings it
contains. This can be modified by specific biofunctionalization that fa-
vours the dispersion of graphene nanosheets in an aqueous environment.
There are many approaches to this end, including the mechanical
exfoliation of graphite in the presence of proteins [13-15]. The shear
and turbulence forces of a kitchen blender were formerly used to exfo-
liate graphite in the presence of various proteins [14]. The tests were
carried out with bovine serum albumin (BSA), p-lactoglobulin, oval-
bumin, lysozyme and haemoglobin, as these proteins are inexpensive
and sourced from the food industry. BSA was the best protein in this
study, intercalating into the nanosheets of graphene and thus
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Fig. 1. Schematic representation of biosensor construction: (A) ultrasonic exfoliation of graphite; (B) biofunctionalization of graphene sheets with spike (S) protein;
(C, D) modification of the surface of the working electrode with the S protein biofunctionalized graphene; (E) addition of S protein as recognition element; (F)

detection of antibodies to SARS-CoV-2.

contributing to the stabilization of the graphene sheets.

Although the addition of BSA was a successful way to produce the
graphene nanosheets cheaply and in less than an hour, this time frame
could be shortened to a few minutes/seconds if a high-power ultrasound
was used. The resulting graphene suspension is expected to be stable,
which can be achieved by adding a suitable protein that can also be used
for sensing purposes. This would be the case if the protein used was an
antigen for a specific antibody. Although any antibody/antigen pair
would be suitable for this principle, the proof of concept for this idea was
tested with protein S (spike protein of SARS-CoV-2) and its antibody to
monitor the immunological response against this viral infection.

There are currently several electrochemical biosensors in the litera-
ture for the detection of SARS-CoV-2 antibodies. These include the use of
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV), which contain interdigitated electrodes [16] or complex chemistry
to ensure accurate capture of antibodies [17,18]. Overall, these ap-
proaches are associated with complex biosensing designs that hardly
reach the end user in commercial applications. Whilst the simplicity of
the biosensor design is the key element for any intended commercial
application, sensitivity and selectivity must be ensured, and these are
linked to the specific materials used [19-22], with graphene being
employed to improve sensitivity. It offers high mechanical strength,
thermal stability (which can have a positive impact on reproducibility)
and a large surface area (important for immobilization) while improving
electron transfer at room temperature [23,24].

Therefore, the green production of graphene containing the SARS-
CoV-2 S protein as a stabilizing and recognising element is reported
here (Fig. 1). The optimization of graphene production and the design of
the biosensor are described. The best conditions were employed for
testing human serum samples. The general characterization of the
biosensor confirms its usefulness in the analysis of serum for its antibody
content against SARS-CoV-2.

2. Experimental section
2.1. Apparatus

The exfoliation of graphite was performed in a VCX 750 ultrasonic
processor (Sonics & Materials, Inc, USA) and the stabilization of the
resulting graphene nanosheets with spike (S) protein was carried out in
an MB-101 mixing block (Bioer, China). The main electrochemical ex-
periments were performed on screen-printed carbon electrodes (C-SPEs)
(DRP-110; Metrohm Dropsens, Spain) containing a working electrode
(WE) and an auxiliary electrode made of carbon and a reference elec-
trode made of silver. This three-electrode system was connected to a
PalmSens4 potentiostat/galvanostat controlled by PSTrace v5.9 soft-
ware (PalmSens BV, Netherlands). Scanning electron microscopy (SEM)
images were acquired using an FEI Quanta 400 FEG ESEM device.
Raman analysis was made in an InVia™ confocal Raman microscope
Renishaw RE04 with a 532 nm, 50 mW laser used at 5 % and 10 %
power, calibration with Silicon standard and spectra taken from 300 to
3200 cm™.

2.2. Reagents and solutions

Potassium hexacyanoferrate (II) 3-hydrate (K4[Fe(CN)g].3H20) was
acquired from Panreac and potassium ferricyanide (III) (K3[Fe(CN)gl)
was obtained from Carlo Erba. Potassium chloride (KCl) and isopropanol
(70 %) were obtained from Fluka/Honeywell. Phosphate buffered saline
(PBS) tablets, graphite, and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich. Nafion® (20 wt% in alcohols) was acquired from
Quintech. Cormay Serum HN was acquired from PZ Cormay S.A. The
recombinant SARS-CoV-2 S protein (S1 subunit derived from E. coli) and
the polyclonal Rabbit anti-SARS-CoV-2 S1F antibody were procured
from RayBiotech. All chemicals were of analytical grade and ultrapure
laboratory grade water was used (conductivity <0.1 uS/cm).

2.3. Production of biofunctionalized graphene

The mechanical exfoliation of graphite was performed in a high-
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Fig. 2. Raman spectra of the graphite material before ultrasonication, the exfoliated graphite after sonication (named as graphene) and the intercalation of the
exfoliated graphene sheets with S protein (named as protein-stabilized graphene), all casted on a glass substrate, highlighting the most relevant peaks.

energy ultrasonic probe at an amplitude of 30 % for 45 s in a solution
containing 5 mg of graphite flakes in 1 mL of ultrapure water and DMSO
(ratio 2:8), in a similar procedure to that described in [25]. Then, 10 pL
of a Nafion® solution diluted in isopropanol (ratio 1:3) was added to
improved binding of the graphene sheets upon deposition on the elec-
trode [26]. A volume of 100 pL of a 2 x 10® mol/L solution of SARS-
CoV-2 S protein was added to this mixture and homogenized/
dispersed in a mixing block at room temperature for 2 h to obtain the S
protein biofunctionalized graphene. The operating frequency was varied
between 25 and 30 KHz and the exfoliation time between 45 and 120 s
[27].

2.4. Electrochemical measurements and procedures

All electrochemical measurements were performed at room tem-
perature. First, the surface of the WE was cleaned by an electrochemical
CV treatment in which a potential of —1.0 V to +1.0 V was applied with
a potential step of 0.01 V and a scan-rate of 0.05 V/sin 0.1 M KCl diluted
in ultrapure water. A 5.0 mmol/L ferri/ferrocyanide redox probe solu-
tion in 10 mL of PBS (0.010 mol/L, pH 7.4) was used as the electrolyte.
EIS was performed in open circuit with a sinusoidal potential pertur-
bation with an amplitude of 0.01 V and 50 data points logarithmically
distributed over a frequency range of 0.1-100,000 Hz. Square wave
voltammetry (SWV) method operated from —0.3 to +0.7 V, with a fre-
quency of 2 Hz and a step height of up to 2.5 mV. The evaluation of the
KCl effect on the electrochemical behaviour of the C-SPE was deter-
mined by EIS and SWV measurements, evaluating the impact upon the
charge transfer resistance (Rt) and current values, when compared to
the unmodified C-SPE.

Protein-stabilized graphene was drop-casted (15 uL) on the WE of the
cleaned C-SPE and dried at 40 °C for 150 min. Then, the surface of the
WE was further incubated with 2 x 107® mol/L S protein prepared in
PBS buffer at room temperature for 60 min. The electrochemical
behaviour of the biosensor after modification with graphene bio-
functionalized with S protein and after the subsequent reinforcement
with S protein were monitored by EIS and SWV. Stabilization of
biosensor was followed by EIS readings, after consecutive buffer

incubations, until the R values remained unchanged.

2.5. Analytical performance

The analytical performance was first studied in PBS buffer (0.010
mol/L, pH 7.4). The biosensor was incubated in PBS at room tempera-
ture for 30 min until it stabilized. Then, the calibration curve was
established by incubating the biosensor with increasing concentrations
(1.0 pg/mL, 10.0 pg/mL, 100.0 pg/mL, 1.0 ng/mL, 10.0 ng/mL, 100.0
ng/mL) of SARS-CoV-2 S protein antibody prepared in PBS buffer, at
room temperature for 30 min. A similar calibration was tested in C-SPEs
modified with nonfunctionalized graphene and with graphene without
the additional S protein recognition layer. These served as controls to
compare the electrochemical behaviour under the different conditions.

A more complex matrix was then tested, and the analytical perfor-
mance of the biosensor was evaluated in 1000-fold diluted human
serum. The biosensor was first stabilized with the diluted serum for 30
min at room temperature. Then, the increasing concentrations (1 pg/mL
to 100 ng/mL) of SARS-CoV-2 S protein antibody prepared in diluted
human serum were also incubated in the biosensor for 30 min at room
temperature. Selectivity assays were performed by testing the response
of the biosensor in a solution containing a mixture of anti-S antibody and
anti-nucleocapsid (N) antibody, both at a concentration of 10 pg/mL in
PBS buffer. Each condition was evaluated after incubation of the
biosensor for 30 min at room temperature. All electrochemical mea-
surements were based on EIS by determining the variations in R values.

3. Results and discussion
3.1. Graphene production by protein-assisted ultrasonication

Direct ultrasonic exfoliation of graphite in liquid is one route to
obtain graphene from bulk graphite [28] due to the energy input to the
graphite in liquid media via the sonication and the contribution from the
selected solvent in decreasing the potential energy between adjacent
layers in the bulk graphite (to overcome the weak out-of-plane van der
Waals interactions between these layers). In this study, a probe
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Table 1
List of the Raman shifts of the main peaks observed in the Raman spectra for the
different materials and ratio of the intensities of G/D and 2D/G peaks.

Material Raman shift of the peak Intensity peak

(cm’l) ratio

D G 2D Is;p Lo/l
Graphite 1351.7 1577.8 27099 3.76 0.37
Graphene 1350.2 1574.7 2701.6 4.61 0.31
Protein-stabilized Graphene 1351.9 1581.2  2698.8 273  0.61
SPE (carbon electrode) 1360.3  1581.2  2714.2 1.32  0.23
Protein-stabilized Graphene-SPE ~ 1353.6  1581.2  2708.6  5.10 0.38

sonication was employed, optimizing the main parameters to contribute
to the formation of high conductivity (bio)graphene material. The
operating frequency was tested and 30 KHz were find sufficient to
produce graphene sheets without significant degradation of the mate-
rials. The time was optimized with the purpose of having a homogenous
dispersion of exfoliated graphene sheets that enhanced the electro-
chemical conductivity features of the carbon WE on the SPE. Ultrasound
irradiation was tested from 45 to 120 s, and the best electrochemical
features were obtained for 45 s (Fig. S1). Longer periods promoted an
excessive oxidation of the material. The solvent employed was DMSO,
due to the need of a compatible solvent between the exfoliation stage
made by sonication [29] and the subsequent mixing with a protein
material that is supposed to keep the original tertiary structure of the
protein and intercalate with the graphene sheets to avoid their
aggregation.

The Raman spectrum of graphite evidenced the typical D, G and 2D
bands (Fig. 2), which are in agreement with the typical Raman shifts of
the pristine graphite [30]. The subsequent exfoliation of graphite
(herein named as graphene) yielded a significant increase of the G band;
the G band is recognized as the graphene characterizing band, corre-
sponding to stretching mode of C-C bond of sp? carbons hybridization. In
turn, the D band decreased significantly. This band is known as a defect-
activated band corresponding to the presence of carbon atoms with sp®
hybridization, typically at the edges of graphene sheets. The 2D band
was present in both spectra with good symmetry, suggesting good
stacking of graphene layers from the raw material graphite, with mini-
mum disruption of graphite stacking order [31]. This 2D band is an
overtone of D band, appearing from 2 phonon graphene lattice vibra-
tions, a second order two photon process. Overall, Raman spectra
confirmed the appearance of graphene sheets, due to the significant
increase of the G/D peak ratio (Table 1) after exfoliation of graphite by
ultrasound.

The presence of S protein in between the graphene sheets was
considered essential. Alone, graphene sheets would tend to keep n-n
stacking/van der Walls interactions between the aromatic carbon rings,
which would favour the coalescence of the sheets. By adding the S
protein, the protein molecules act as obstacles to this coalescence,
because their hydrophilic regions confer them easy mobility throughout
the aqueous suspension, enabling their intercalation in between the
graphene sheets and subsequent stabilization of the suspension via
protein-graphene interactions [32,33]. In terms of Raman spectra, the
presence of S protein yielded a more complex spectrum, from which D, G
and 2D peaks remained evident, although their relative intensities
changed significantly [33,34]. The G/D peak ratio changed to lower
values than graphite, due to the formation of a composite material with
graphene, also containing various functional groups that generated
various additional Raman peaks. Comparison of peak shape and fit curve
to data provided by Ferrari et al. [35] studying 2D peak as a function of
graphene layer numbers, data suggest that the protein-stabilized gra-
phene had a 3-4 layered structure. This graphene material also had a D
+ D’ band at 2921 cm™ that is sometimes identified as D + G, being
present in defective graphene structures [35]. The presence of graphene
defects showed a higher electron transfer rate on graphene edge-plane
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than in basal plane that could be beneficial for the electrochemical
measurements and analytical performance of a developed biosensor
[36,371].

3.2. Biosensor assembly and characterization

The assembly of the biosensor included an initial surface treatment
with KCI to remove impurities that could be present in the pristine C-
SPEs. Then, ultrasonically exfoliated graphite biofunctionalized with S
protein was drop-casted on the WE. To ensure higher antibody recog-
nition capacity in the system, the amount of S protein was increased by
casting a new solution of S protein on the surface of the WE. The elec-
trochemical response to the different steps of biosensor assembly was
monitored by EIS (Fig. 3A, B) and SWV (Fig. 3C, D).

The electrochemical cleaning procedure with KCI redox cycles
resulted in a decrease in R values from about 1093 Q to 419 Q (Fig. 3B)
and an increase in the current from 34.73 pA in the pristine state to
56.09 pA, as observed by SWV measurements (Fig. 3D). This procedure
reduced the potential difference between the peaks of oxidation and
reduction, enhancing the conductivity of the surface and decreasing
variability between electrodes, which positively and directly affects the
reproducibility of this work. The addition of protein-stabilized graphene
had a double-edged effect, since graphene nanosheets have a very well
described ability to increase conductivity in three-electrode systems
[20,21], but the presence of the S protein distributed between its sheets
increased the R¢ from 419 Q to 743 Q (Fig. 3B) and decreased de current
from 56.09 pA to 30.77 pA (Fig. 3D). The last phase of biosensor as-
sembly consisted in reinforcing the immobilization of the S protein
biorecognition element, with its binding being confirmed by the sig-
nificant increase in the R to 1046 Q (Fig. 3B) and decrease in current to
18.39 pA (Fig. 3D). The obtained results were as expected due to the
large recognition protein that hinders electron transfer on the modified
surface of the WE.

The repeatability of the fabricated sensor has been thoroughly
evaluated, through repeated measurements of the blank. The average
values were of 1218 Q and the relative standard deviations of the blank
were ~6%, thereby confirming the good repeatability of the response.

The electrode surface modified with biofunctionalized graphene was
analysed by SEM (Fig. 3, bottom), and compared to a bare SPE electrode.
Although the magnification of the SEM images is little, the presence of
graphene sheets is evidenced when comparing Fig. 3G and J. Another
image of the graphene sheets has been added to the Supplementary
section (Fig. S2), where the graphene sheets are more evident. The
presence of graphene is consistent with the brighter light obtained in
part of some of material deposited on the bare SPE. This brightness can
be attributed to the increased conductivity linked to the morphology of
the graphene sheets. These results are further consistent with the EIS
data, because the addition of graphene sheets alone resulted in a
decrease in Rct, indicating improved electron transfer efficiency due to
the conductive properties of graphene.

3.3. Analytical performance of the biosensor

The biosensor responded to a range of increasing concentrations of S
protein antibody diluted in PBS (1 pg/mL to 100 ng/mL), as shown in
the Nyquist plots of the EIS measurements (Fig. 4A). This response was
evaluated in three replicates, and a linear trend was obtained from 1 pg/
mL to 10 ng/mL. R values versus the logarithm of antibody concen-
tration showed a slope of 158.07 Q/decade and a squared correlation
coefficient of 0.994 (Fig. 4B). At the concentration of 100 ng/mL, the
saturation of the sensor may explain the lack of response. The replicates
were highly reproducible, with RSD values ranging from 4 % (minimum)
to 11 % (maximum), and a limit of detection (LOD) of 0.08 pg/mL was
obtained.

The long-term stability of the sensors was tested over a period of 10
days, by preparing multiple units without any chemical/physical
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Fig. 3. Electrochemical data (plots) collected with the iron redox probe prepared in PBS buffer, during biosensor construction, corresponding to EIS — (A) Nyquist
plots/(B) average R values — and SWV — (C) voltammograms/(D) average current peaks intensities. Data includes pristine C-SPEs, after cleaning, after modification
with graphene functionalized with S protein and exfoliated in 45 s, and after adding S protein as biorecognition element. SEM images of the WE of pristine C-SPE

(E-G) and after modification with the protein-stabilized graphene (H-J).

procedure that could improve stability, keeping them stored in the
fridge, under a humid environment. Two units were calibrated at day 3
and other two at day 5. In day 3, a consistent linear response was
observed from 10 pg/ml to 100 ng/ml, with an average slope of 155.7
(£19.2) Q/decade concentration (Fig. S3). On day 5, the impedance
spectra showed a second semicircle, indicating the appearance of a
heterogeneous surface, probably due to the partial denaturation of the
proteins and their interaction with the graphene layer (Fig. S4). Overall,

this meant that each sensing unit could be calibrated after 3-days of
preparation, with negligible change in the analytical behaviour, and that
it would be relevant to establish additional procedures to improve the
stability of the antibodies attached to the electrode.

To evaluate the response of the electrochemical biosensor in a more
realistic situation, diluted human serum was used, which has a complex
composition of potentially interfering species. Increasing concentrations
(1 pg/mL to 100 ng/mL) of the anti-S protein antibody diluted in human
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Fig. 4. Nyquist plots (A,C) and the average calibration curves (B,D) of the optimized biosensors, obtained by consecutive incubation of standard solutions of anti-
spike protein antibodies prepared in PBS buffer (A,B) or in diluted human serum (C,D). Readings are obtained with the iron redox probe, prepared in PBS buffer.

serum were tested, as shown in the Nyquist plots of the EIS measure-
ments (Fig. 4C). This calibration (three replicates) showed similar
behavior to the results obtained in PBS buffer. Here, there was a linear
trend for the R values against the anti-S protein antibody standards (up
to 10 ng/mL) prepared in diluted human serum, with a slope of 242.83
Q/decade and a squared correlation coefficient of 0.995 (Fig. 4D), and
LOD of 0.17 pg/mL. As expected, the LOD was higher in serum than in
buffer due to the more complex serum matrix, which presents higher
ionic composition and additional difficulties in detecting the biomole-
cule of interest.

The aim of designing the biosensor with an additional S protein layer
was to increase the sensitivity. This was confirmed by comparing the
performance of the biosensor with C-SPEs prepared with graphene
without biofunctionalization, and with or without the additional S
protein layer. The C-SPE whose WE was modified with graphene without
biofunctionalization did not show a linear response to increasing con-
centrations of SARS-CoV-2 S protein antibody diluted in PBS (1 pg/mL to
10 ng/mL) (Fig. S5A, B). Regarding the electrode modified with protein-
stabilized graphene, the response shows a more intense tendency for a
linear behaviour in the same concentration range (1 pg/mL to 10 ng/
mL), although not statistically relevant (Fig. S5C, D). Besides the low-
quality correlation coefficient, the slope was lower (68.19 Q/decade)
than that obtained in the final biosensor tested in PBS buffer (158.07
Q/decade). These results suggest that the addition of S protein after
graphene on the surface of the WE was a crucial step to guarantee a
highly sensitive biosensor.

There are few reports of electrochemical biosensors based on C-SPEs
whose surface was modified with carbon nanomaterials to detect anti-S
protein antibodies. In one study, a functional substrate was prepared by
electrodeposition of graphene quantum dots and polyhydroxybutyric
acid. The voltametric signal was followed and showed a correlation
between 100 ng/mL and 10 pg/mL anti-S antibodies, and a LOD of 100
ng/mL was obtained [38]. In another approach, a carbon electrode was

Table 2
Relevant papers using graphene nanomaterials and electrochemical methods for
monitoring antibodies against of SARS-CoV-2 via protein S binding.

Assembly details Linear LOD Reference
Range
Carbon SPE modified with SWCNT, 1.0 pg/mL 0.7pg/  [18]
activated with EDAC/NHS, to 10 ng/mL  mL
functionalized with p-phenylenediamine.
The SARS-CoV-2 Spike protein was then
immobilized.
GQD and PHB to create a functional surface 100 ng/mL 100 [38]
for anchoring RBD of S Protein. to 10 yg/mL  ng/mL
Peptide and rGO mixture were immobilized 0.3 to 5.2 0.77 [39]
on the WE of the carbon SPE. pg/mL ug/mL
Graphene was synthesised by ultrasonic 1.0 pg/mL 0.17 This work
exfoliation of graphite stabilized by the to 10 ng/mL  pg/mL

SARS-CoV-2 Spike protein and
immobilized on the carbon SPE.

SPE: Screen-Printed Electrode; SWCNT: Carboxylated single-walled carbon
nanotubes; EDAC/NHS: N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hy-
drochloride/N-hydroxysuccinimide; SARS-CoV-2: Severe Acute Respiratory
Syndrome Coronavirus 2; GQD: Graphene Quantum Dots; PHB: Poly-
hydroxybutyric acid; RBD: Recognition site receptor-binding domain; rGO:
reduced graphene oxide; WE: Working Electrode.

modified with reduced graphene oxide in combination with a specific
binding peptide and a LOD of 0.77 ug/mL was determined [39]. Other
carbon nanomaterials such as carboxylated single-walled carbon nano-
tubes have also been investigated for the development of electro-
chemical biosensors to detect antibodies against SARS-CoV-2 [18]. The
impedimetric properties of the biosensor followed by EIS displayed a
linear response between 1 pg/mL and 10 ng/mL, with a LOD of
approximately 0.7 pg/mL [18]. Thus, among the studies that have used
carbon nanomaterials, the current approach is a simple and
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Fig. 5. Nyquist plot (A) of the optimized biosensor incubated in blank solution, anti-spike (S) protein antibody (10 pg/mL) and anti-spike (S) protein antibody (10
pg/mL) with anti-nucleocapsid (N) protein antibody (10 pg/mL), and the average data with independent biosensors in bar plot (B). Readings are obtained with the

iron redox probe, prepared in PBS buffer.

straightforward approach, capable of generating accurate data by
measuring very low concentrations of SARS-CoV-2 spike antibodies in
complex samples, achieving even lower LOD than previous studies in the
literature (Table 2).

3.4. Selectivity assays

To determine the ability of the biosensor to selectivity detect SARS-
CoV-2 S protein antibodies in samples containing multiple compounds,
it is necessary to evaluate its response to interfering species. SARS-CoV-2
anti-N antibodies, which are commonly found in the serum of SARS-
CoV-2 infected patients, were selected to study their effect on
biosensor response. To attain this, a concentration (10 pg/mL) of SARS-
CoV-2 anti-N antibodies and the same concentration of a solution con-
taining a mixture of anti-S and anti-N antibodies were tested. Fig. 5A
shows the Nyquist plots of the carbon electrodes modified with protein-
stabilized graphene, evaluated under these conditions. The average
percentage deviation upon the direct readings of anti-S protein antibody
produced by anti-N protein antibody was —3.2 % (Fig. 5B). Overall,
these results confirmed that anti-N protein antibody had a negligible
interfering effect upon the anti-S protein antibody response and that the
device was selective in the presence of other antibodies.

3.5. Analytical application

As a proof-of-concept, the device was applied to the detection of anti-
S protein antibody in real samples. The first stage of sample analysis was
proceeded by a previous calibration in an independent sensor. As sample
and standards should be well-tuned, the standard solutions were pre-
pared in buffer. Comparing to the previous calibrations using standard
solutions prepared in electrolyte, it was clear that the use of serum
samples had no relevant impact on the biosensor response. Using the
calibration curve in buffer, the concentrations obtained from S protein
in samples in buffer yielded errors ranging from 4 % to 11 %, in different
concentration levels.

4. Conclusions

An innovative electrochemical biosensor with high sensitivity for the
detection of antibodies against SARS-CoV-2 has been developed. The
biosensor utilises a cost-effective technology in which graphite is me-
chanically exfoliated to obtain graphene sheets that are stabilized with
SARS-CoV-2 spike protein. This approach simplifies manufacturing,
speeds up production and promotes environmental friendliness.

In general, biosensors require modification of the electrode surface
to increase conductivity and immobilize biological recognition elements
for improved detection sensitivity. With the presented strategy, these

improvements can be achieved at low cost compared to the use of
precious metals. Electrochemical characterization confirms that the
graphene-modified electrode with an additional layer of immobilized
spike protein optimally detects anti-S protein antibodies in both buffer
and serum samples and achieves a low detection limit with promising
selectivity.

The results of the study demonstrate an optimised green strategy to
produce protein-enhanced functional graphene substrates that
contribute to sustainability in point-of-care settings. In addition, the
biosensor outperforms other diagnostic techniques due to its simplicity
in production and handling. Its potential for undergoing a scalable
production suggests an effective contribution to the control of the spread
of SARS-CoV-2, which can also be transferred to other viruses.
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