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Abstract
A novel disposable paper-based electrochemical biosensor for detecting anti-spike protein antibodies is
presented, featuring the innovative use of carbon dots derived from a biological source and a liposome–
biorecognition element complex. The optimized electrochemical sensing platform is described and
characterized, regarding its structural and functional properties. The sensor showed a linear response
between 0.0010 and 10 µg mL− 1, demonstrating high sensitivity and a low limit of detection (LOD) of
1.78 pg mL− 1, as well as good selectivity. Real nasopharyngeal swab samples were tested for the first
time using this type of paper-based electrochemical system for anti-spike antibody detection. This
approach was designed to mimic the virus's response while ensuring greater sensitivity and selectivity.

Overall, a new electrochemical method for screening anti-spike antibodies was developed to monitor
vulnerable populations for new SARS-CoV-2 infections and track the development of adaptive immunity
within communities, contributing to the development of future point-of-care (POC) analysis without the
need for specialized personnel or laboratory facilities.

Introduction
The global impact of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic has
highlighted the need for rapid, accurate, and accessible diagnostic tools. While molecular-based
methods targeting viral RNA remain fundamental for detecting acute infection, diagnostic assays for
anti-SARS-CoV-2 antibodies are essential for understanding disease prevalence, assessing population
immunity, monitoring long-term humoral immune response, and evaluating vaccine efficacy and
prioritization [1]. Even now, with widespread vaccination and a return to the acute phase, the need for
reliable, accurate antibody testing methods persists to monitor vulnerable populations and track the
development of adaptive immunity within communities [2].

Among the various biological sample types used to detect antibodies, nasopharyngeal swabs are of
particular interest because they can be self-collected by patients and used in specific testing systems.
Such methodologies eliminate the need for trained personnel, laboratory facilities, and specialized
equipment. However, antibody concentration in this type of sample is typically lower than in serological
or plasma samples. This characteristic highlights the importance of developing new methods capable of
delivering sensitive data in a point-of-care (POC) setting from self-collectible samples, such as
nasopharyngeal swabs.

Currently, antibody concentration is monitored through conventional serological tests such as enzyme-
linked immunosorbent assays (ELISAs), lateral flow assays, immunofluorescent assays, and
chemiluminescent immunoassays [3]. However, these methods are either qualitative or require lengthy
sample preparation or professional handling. In this context, electrochemical biosensors assembled on
screen-printed electrodes (SPEs) have emerged as promising alternatives, offering potential as POC
devices capable of providing quick responses with high sensitivity and selectivity, using small sample
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volumes [4]. A review of the current literature up to May 2026 still reveals a trend towards using human
serum as the primary real-sample matrix, and, often, the reported LODs are not optimal for the direct
analysis of samples with inherently lower antibody concentrations. Table 1 summarizes examples of
electrochemical biosensors developed for anti-SARS-CoV-2 antibody detection, highlighting the material
used in the biosensor assembly, the sample type employed, and the reported LODs.
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Table 1
– Electrochemical (bio)sensors for SARS-CoV-2 antibody detection in human samples.

Biosensor/Material used Transducer Limit of
detection

Sample Ref

C-SPE with bio-graphene Impedimetric 0.17 pg·mL− 1 Serum [5]

C-SPE with magnetic
complexes

Voltammetric 55.6 to 92.5
ng·mL− 1

Serum [6]

Gold-Interdigitated
Electrode Array

Impedimetric 21 ng·mL− 1 Serum [7]

Gold SPE with SAMs of
MSA

Voltammetric 0.019 ng·mL− 1 Serum [8]

LIG Platforms in SPEs Voltammetric 560 ng·mL− 1 Serum [9]

Gold − Pt bimetallic
nanoclusters in the
structure of an Ig

Voltammetric 8.22 ng·mL− 1 Serum [10]

Platform based on
hydrogen bonding and Au
clusters

Voltammetric 0.03 fg·mL− 1 Saliva;
oropharyngeal
swab

[11]

Flexible organic
electrochemical transistor

Voltammetric 10 fM Serum; saliva [12]

Carbon WE on a PET film Amperometric 10.1 ng.mL− 1

(IgG); 1.64
ng.mL− 1 (IgM)

Serum [13]

Phytic Acid doped PANI on
graphene electrode

Impedimetric 8 nM Serum [14]

Gold electrode pre-modified
with mix-assembly
monolayer

Voltammetric
and
Impedimetric

2.53 nM (CV);
1.99 nM (EIS)

Serum [15]

SPE with electrodeposited
gold nanostructures

Voltammetric 0.27 nM (CV);
0.14 nM (DPV)

Serum [16]

Graphene binding peptide
in fusion with antigen

Voltammetric 0.77 µg·mL− 1 Serum [17]

Carboxylated SWCNTs on
Carbon SPEs

Impedimetric 0.7 pg·mL− 1 Serum [18]

PPy nanostructures with
gold nanoparticles

Impedimetric 0.386 ng·mL− 1 Serum [19]

3D nanoprinted array
electrodes

Impedimetric 13 fM Not tested [20]
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Biosensor/Material used Transducer Limit of
detection

Sample Ref

Aerosol Jet nanoprinted
Reduced-GO Coated 3D
electrodes

Impedimetric 0.0028 pM (S1)
and 0.00169 pM
(RBD) antibodies

Not tested [21]

Paper-based biosensor with
GO modified electrode

Voltammetric 0.96 (IgG) and
0.14 ng/mL
(IgM)

Serum [22]

LIG-based electrode Voltammetric 20 µg·mL− 1 Serum [23]

Zinc oxide nanowires in
paper-based electrodes

Impedimetric 0.4 pg ml− 1 Serum [24]

PEDOT-AuNPs-based
immunosensor

Impedimetric 0.18 × 10− 19%
(V/V)

Serum [25]

Carbon SPE modified with
cerium oxide-gold
nanocomposite

Voltammetric
and
Impedimetric

2.47 pg ml− 1 Serum [26]

MXene modified Carbon
SPE

Voltammetric
and
Impedimetric

0.215 pg ml− 1 Serum [27]

Paber-based C-SPE
functionalized with CDs
and a virus like complex

Voltammetric 1.78 pg mL⁻¹ Nasopharyngeal
swab

This
paper

AuNPs: Gold nanoparticles; LOD: Limit of detection; C-SPE: Carbon screen printed electrode; CDs:
Carbon dots, CV: Cyclic voltammetry; EIS: Electrochemical impedance spectroscopy; GO: graphene
oxide; Ig: Immunoglobulin; LIG: Laser-Induced Graphene; PEDOT: Poly(3,4-ethylenedioxythiophene); MSA:
Mercaptosuccinic acid; PANI: Polyaniline; PPy: Polypyrrole; RBD: Receptor-binding domain; SAMs: Self-
assembled monolayers; SPE: Screen printed electrode; SWCNT: Single-walled carbon nanotube; WE:
Working electrode.

Additionally, recent progress in electrochemical POC analysis has focused on developing more
environmentally friendly platforms and achieving lower LODs by using less expensive, sustainable
materials for both electrode substrates and biosensor assembly. SPE platforms are typically made from
ceramics with integrated printed circuits, often without consideration for the recyclability of the final
system. Cellulose and printing paper emerged as alternatives for the electrode fabrication, enabling
disposal of the final system through less polluting processes. Various paper-based strategies have been
reported for detecting antigens and viruses [22], [24], [28]. Nevertheless, based on the reviewed literature,
only one device has been reported to use this sustainable, inexpensive substrate material for the
electrochemical detection of antibodies against SARS-CoV-2: the ePAD developed by Yakoh and his
team [22]. However, their device requires a minimum sample exposure time of 30 min, and the LOD
would need to be lower to detect positive samples with reduced antibody concentrations, as occurs in

Page 5/21



nasopharyngeal swab samples. To decrease the LOD, electrocatalytic nanomaterials can be used to
modify the working electrode (WE) surface, increasing the electroactive area and the system’s
conductivity.

Metal nanoparticles are the main choice for this purpose, either grown in situ or simply deposited on the
WE. The risks and costs associated with handling metals have led to research on more sustainable
nanoparticles. Carbon Dots (CDs) are used in the present work as an alternative to metal nanoparticles
and are synthesized using a green chemistry approach. CDs are carbon-based nanomaterials with
enhanced electrical and conductive properties and biocompatibility. Due to their nanometric size and
graphene-like structure, CDs exhibit excellent potential to enhance biosensor sensitivity when
immobilized on the surfaces of WEs [29].

Here, a disposable and highly sensitive biosensor is presented, featuring an innovative assembly
approach, following appropriate characterization. For the first time, tests on real nasopharyngeal swab
samples are performed using a paper-based electrochemical sensor to detect anti-spike protein
antibodies, and a complex that mimics the virus structure is achieved by combining liposomes with the
viral spike protein. This design approach was supported by the principle of antibody avidity, suggesting
that when multiple antigen copies are spatially clustered on a membrane or particle surface, antibodies
capable of engaging more than one epitope simultaneously can achieve substantially higher apparent
binding strength than through a single 1:1 interaction with an isolated, surface-immobilized antigen [30].
The proposed architecture comprises the spike trimer anchored to a lipid bilayer rather than directly
chemisorbed onto the electrode, intended to recreate the clustered, membrane-displayed geometry and
thereby promote more effective antibody capture.

Experimental

Reagents and solutions
All chemicals were analytical grade, and ultrapure water was used (conductivity < 0.1 µS/cm). Carbon
paste and dielectric ink for screen printing were obtained from SunChemical, and silver ink from RS PRO
Components. Chemical reagents included potassium chloride (KCl), phosphate saline buffer (PBS)
pellets, poly(vinyl chloride) (PVC), N-hydroxysuccinimide (NHS), N-ethyl-N’ (3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC), p-phenylenediamine, and bovine serum albumin (BSA), all from
Merck. Potassium hexacyanoferrate (III) (K₃[Fe(CN)₆]) and cyclohexanone were purchased from Carlo
Erba; and potassium hexacyanoferrate(II) trihydrate (K₄[Fe(CN)₆]·3H₂O) from Panreac. Phospholipids
18:1 DGS-NTA(Ni) were obtained from Avanti Research. Recombinant SARS-CoV-2 Spike Trimer protein
with a Histidine tag in the C-terminal and the corresponding Spike Neutralizing Antibody anti-SARS-CoV-2
were acquired from BPS Bioscience. Anti-SARS-CoV-2 nucleocapsid (N) protein antibody was obtained
from RayBiotech. For ELISA reagent preparation, Tween 20 and the enzyme-conjugated secondary
antibody (goat anti-human IgG with HRP) were purchased from Thermo Fisher Scientific, and
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tetramethylbenzidine (TMB), citric acid, sodium citrate, and hydrogen peroxide were purchased from
Merck.

Apparatus
All electrochemical experiments were conducted using homemade carbon SPEs connected to a
Metrohm Autolab PGSTAT302N potentiostat/galvanostat, operated with NOVA software. Immobilization
of the ST protein into the liposomes was performed in a MB-101 mixing block (Bioer, China). Size and
surface charge data were obtained by Dynamic Light Scattering (DLS) and Zeta Potential analysis on
Zetasizer Nano ZS from Malvern. Transmission electron microscopy (TEM) images were collected
through a TEM-FEI-Tecnai G2 Spirit Bio-Twin. Absorbance measurements in microplates for the ELISA
assay were conducted in Tristar 2 LB 942 Multimode Reader Lab from Berthold Technologies.

Fabrication of carbon-SPEs
The electrodes were fabricated using a handmade screen-printing technique, which involved attaching
the negative mask of the SPEs (a sticker) to the previously hydrophobized cellulose substrate, followed
by the application of a conductive ink. Carbon paste from Sun Chemical was used as the conductive ink,
and three layers were cast onto the SPE templates, each followed by 30 minutes of drying at 60°C in the
oven. The pressure used to spread the ink was set manually and kept constant to ensure a uniform layer
of consistent thickness at each step. A layer of silver ink was applied to the electrical contacts, and, after
template removal, dielectric ink was also cast to insulate the three electrodes (working, reference, and
counter) and left to cure overnight at 60°C.

Electrochemical measurements
All electrochemical measurements were conducted at room temperature, and solutions were prepared in
ultra-pure water or PBS. The WE of the C-SPE was initially pretreated with 0.1 M KCl by performing 15
cyclic voltammetry (CV) cycles, applying a potential range of − 1.0 to + 1.5 V at a scan rate of 0.05 V s− 1.
Squared-wave voltammetry (SWV) measurements were performed after each assembly step of the
biosensor by applying a potential range from − 0.3 to + 0.4 V, with a frequency of 1 Hz, a step of 5 mV,
and a modulation amplitude of 0.02 V. K3[Fe(CN)6]/K4[Fe(CN)6] was used as the redox probe (0.5 mM in

0.01 mol L− 1 PBS buffer pH 7.4).

Biosensor preparation/assembly
The procedure for assembling the biosensor on the working electrode of the C-SPEs is shown in Fig. 1.
After the electrochemical pre-treatment, 20 µL of a CDs solution (synthesis adapted from [31] at 1 mg
mL− 1, prepared in ultra-pure water) was drop-casted onto the WE of the SPE and dried for 30 min at
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60°C, resulting in the SPE-CDs. The carboxylic groups on the surface of the CDs were activated with a
solution of EDAC (0.025 mol L− 1) and NHS (0.0125 mol L− 1) in PBS for 90 minutes at room temperature.
An amine layer was then formed on the WE to further facilitate liposome immobilization by incubating a
solution of p-phenylenediamine (0.02 mol L− 1) for 60 minutes in a humid chamber. In parallel, liposomes

were synthesized from 18:1 DGS-NTA-Ni phospholipids with a stock concentration of 2.5 mg mL− 1 in
chloroform. The vial containing the phospholipids and organic solvent was kept at 60°C for 30 minutes
to evaporate the chloroform, and ultra-pure water was added to achieve a concentration of 0.1 mg mL− 1.
The solution was stirred for 30 minutes and sonicated for 15 minutes to form liposomes with an average
size of 210 nm, using the hydration method. The biorecognition element was immobilized in the
liposomes by combining the liposome suspension with spike trimer protein (ST), diluted in PBS to reach
liposome concentrations of 0.01 mg mL− 1 and 0.1 mg mL− 1 of ST, and mixing for 1 hour at 37°C. Then
the suspension was filtered through a 50 kDa ultra-centrifugal filter to remove unbound proteins.
Returning to the WE of the SPE, 10 µL of liposomes with ST were incubated there for 1 hour in a humid
chamber, and BSA was used to block the non-specific binding sites at a concentration of 0.5 mg mL− 1,
also incubated for 1 hour on the WE at room temperature.

Liposomes’ characterization
To determine liposome size and surface charge (zeta potential), liposome suspensions were analyzed
using a Zetasizer Nano ZS. Liposome size was measured by photon correlation spectroscopy,
considering the hydrodynamic diameter – the particle diameter plus the thickness of the surrounding
hydration layer – and the polydispersity index (PDI), a dimensionless measure of the breadth of the
particle size distribution. Surface charge was assessed by zeta potential measurements.

TEM was used to examine the surface morphology and actual size of the liposomes. The images
obtained were analyzed using ImageJ and GraphPad Prism for statistical purposes.

Analytical performance of the biosensor

The analytical performance of the biosensor was first assessed in PBS buffer (0.01 mol L− 1, pH 7.4). The
sensor’s WE was incubated in PBS at room temperature for 20 min, 3–4 times, until a stable SWV signal
was obtained. Increasing concentrations of anti-ST protein antibody prepared in PBS were then
consecutively incubated in the WE at room temperature for 20 min and the electrochemical performance
of the sensor was evaluated after each incubation. Calibration curves were plotted using the relative
values to the blank from the current peaks corresponding to concentrations ranging from 0.0010 to 100
µg mL− 1.

To demonstrate the sensor’s efficiency in a POC scenario, real nasopharyngeal swab samples were first
tested by ELISA for the presence of anti-SARS-CoV-2 IgG antibodies. Three serial dilutions of a positive
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sample, as well as the undiluted sample, were successively incubated on the working electrode of the
sensor under the same conditions as those used in the PBS matrix.

Biosensor selectivity was evaluated by incubating the anti-N protein antibody for 20 min and comparing
the sensor response with that obtained using the anti-ST protein antibody. The concentration levels used
fell within the linear response range of the calibration curve for the anti-ST protein antibody.

The LOD was calculated from the linear relationship between the analytical signal and log concentration,
following the IUPAC recommendations for ion-selective electrodes. In these, the LOD corresponds to the
concentration of the analyte at the point where the extrapolated linear mid-range segment intersects the
lowest-concentration segment of the calibration plot [32]. All electrochemical assays were performed in
triplicate.

ELISA testing
The enzyme-linked immunosorbent assay (ELISA) detected the presence of IgG antibodies for the SARS-
CoV-2 Spike protein in nasopharyngeal swab samples. Briefly, 96-well microtiter plates were coated
overnight at 4°C with 50 µL of ST protein at 10 µg mL− 1 in coating buffer (PBS pH 7.4). Following 3
washing cycles with washing buffer (PBS containing 0.05% Tween-20), the plates were blocked with 50
µL blocking Solution (1% BSA in PBS) for 1 hour at 37°C. After washing the plates 3 times with washing
buffer and 1 time with PBS, the primary antibody (anti-ST protein antibody) was diluted in blocking buffer
and incubated in the wells of negative and positive controls, 50 µL of 0, 5 and 10 µg/mL, for 1 hour at
37°C. The nasopharyngeal swab samples were similarly incubated in the antigen-coated wells, with 3
serial dilutions in blocking buffer. Using the same washing procedure, the enzyme-conjugated secondary
antibody (horseradish peroxidase (HRP)-conjugated goat anti-human IgG) was diluted in blocking buffer,
at a concentration of 1:7000, as recommended by the manufacturer, and incubated for 1 hour at 37°C.
The wells were then washed 3 times with washing buffer and once with PBS. Next, 50 µL of developing
solution (TMB in citrate buffer with H2O2) was added, and the resulting mixture was incubated for 10 min
at room temperature in the dark. To stop the enzymatic reaction, 50 µl of the stopping solution (1 M
H2SO4) was added to each well and the absorbance of the microwell-plate was measured at 450 nm in a

microplate reader.

A similar procedure was used to confirm the presence of the ST protein on the liposomes, with this
complex serving as the antigen material. The testing wells were incubated with either the liposomes/ST
complex or liposomes without the biorecognition element. Positive and negative controls with the ST
protein diluted in coating buffer were incubated in the remaining wells. Subsequent washing cycles and
incubation with blocking solution were performed as previously described. Primary antibody incubation
was conducted over the same concentration range across all sets of conditions. The remaining steps of
the ELISA assay, including absorbance measurement, were performed as in the first assay.
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Results and Discussion

Biosensor assembly and characterization
The initial stage of biosensor assembly involved electrochemical pre-treatment using successive CV
cycles. This pre-treatment was carried out in a KCl solution, which facilitated the permeation of ionic
species at the WE surface (thereby decreasing the initial resistance to charge transfer) and improved
similarity among electrode units (yielding more reproducible measurements). CV scanning was
performed over a wide potential range, which also helped to remove surface impurities and oxide layers
that could interfere with subsequent immobilization steps and electrochemical measurements.

Following pre-treatment, CDs were immobilized on the WE to increase the electroactive area, thereby
improving the biosensor's analytical sensitivity, as previously demonstrated in the literature [33].
Carboxylic groups on CDs (-COOH) were activated via reaction with EDAC, generating a highly reactive O-
acylisourea intermediate that immediately reacted with NHS. This formed an activated ester that is
sufficiently unstable to react with an amine group under mild conditions [34]. The WE surface was then
incubated with the diamine compound p-phenylenediamine, which bonded to the activated carboxylic
surface. This generated an aminated surface, which is more suitable for immobilizing the biorecognition
element, in this case, the liposomes/ST protein complex. This chemical modification results in a
positively charged surface, while the biorecognition complex has an overall negative charge, thereby
enhancing adsorption on the surface via ionic interactions [35]. Then, non-specific binding was
prevented by incubating a BSA protein solution on the WE.

The main chemical modification steps were monitored by SWV measurements, with representative data
shown in Fig. 2. After electrochemical pre-treatment, incubation with the CDs increased the conductivity
of the WE, as shown by the substantial rise in the average current peaks, from 77 µA up to 150 µA, on
average. The immobilization of the biorecognition element, the liposomes/ST protein complex, had the
contrary effect, reducing the system’s conductivity. As expected, these non-conductive biological
elements decreased the current peaks by 33 µA, hindering the electron transfer on the modified
electrode surface. The final assembly step further reduced the current peaks from 117 to 90 µA, as
shown in Fig. 2B, confirming BSA adsorption. Overall, these results indicated that each assembly layer
was successfully formed on the electrode surface.

Liposomes/ST protein complex synthesis and
characterization
Liposomes containing the ST protein were developed to mimic the virus and elicit a response closer to
real conditions. The liposomes consisted of a bilayer of 18:1 DGS-NTA-Ni phospholipids, whose
hydrophilic head has a nickel termination capable of forming a coordination or metal–ligand complex
with histidine-terminated proteins. This highly stable complex involves Lewis acid–base interactions
between the imidazole nitrogen atoms of the histidine residues and the nickel ions [36].
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These liposome structures were synthesized using the thin-film hydration (TFH) method, in which the
phospholipids are dispersed in organic solvents. After the solvents were removed by evaporation, a thin
lipidic film was formed in the flask. The hydration of the lipids occurs next, by adding an aqueous solvent
under agitation. During this phase, the swollen lipids begin to form a multilamellar vesicle (MLV)
suspension [37]. Sonication and/or extrusion are then essential techniques for downsizing and
uniformizing liposome size.

DLS measurements were used to evaluate the hydrodynamic diameters of liposomes and the
liposome/ST complex; the liposomes had an average hydrodynamic diameter of approximately 210 nm
(Fig. 3A), which increased to 221 nm in the presence of the protein (Fig. 3B). This increase was
predicted, as the ST protein is approximately 4.8 nm in size and is expected to be attached to the entire
liposome surface. The Zeta potential of the liposomes and liposome + ST complex was also assessed,
indicating that once the liposomes are functionalized with the protein, the overall net charge decreased
from −35.6 mV to −48.4 mV, as shown in Fig. 3C. The ST protein has an isoelectric point (pI) of 6.3,
which means that at a pH of 7.4, the protein carries an overall negative charge, thereby decreasing the
net charge of the liposome + ST complex. TEM analysis confirmed the spherical morphology of the
liposomes and showed an average size of approximately 205 nm (Fig. 3D, E), thereby supporting the
results obtained by DLS.

An additional study of the protein and complex functionality in recognizing the anti-ST antibodies was
conducted using an ELISA with either the ST protein or the liposome + ST as the antigen. Compared with
the negative control, the results showed that, under both antigen conditions, the antibodies recognized
the protein and the liposome + ST, as shown in Figure S3. This demonstrates not only that the ST protein
formed a complex with the liposomes, but also that this complex is functional, with the protein’s
antibody-binding site exposed, thereby mimicking the virus's behavior. The presentation of the ST protein
anchored to the liposome surface, rather than as an isolated soluble molecule, is hypothesized to
enhance antibody capture through avidity effects. The clustering of multiple antigen copies on a
tethered, membrane-like surface is predicted to augment the apparent binding strength of antibodies
engaging more than one epitope simultaneously, both kinetically and thermodynamically, compared with
monovalent engagement of a single immobilized protein [30], [38]. This can be, in fact, observed in
Figure S3, since the average absorbance value for the complex liposome + ST is slightly higher than the
one for the isolated ST molecules. The avidity effect has also been exploited by the recent use of a
liposome-displayed antigen format to detect anti-SARS-CoV-2 antibodies in serum via an alternative
immunosorbent assay, achieving a strong correlation with a reference ELISA and a pseudovirus
neutralization assay [39], supporting the suitability of liposome-displayed viral antigens for antibody
serology. Additionally, using structures that mimic the virus as the biorecognition element complex has
been shown to provide greater stability, higher loading capacity, and enhanced signal amplification
compared with single viral proteins [40]. Overall, this strategy simplified the synthesis of virus-like
particles (VLPs) by employing a simple functionalized liposome structure, which is expected to increase
the sensor’s efficiency.
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Analytical performance of the sensor in PBS and real
samples
The biosensor’s analytical performance was evaluated by consecutive incubation with increasing
concentrations of anti-ST, diluted in PBS (0.0010 to 100 µg mL⁻¹), followed by SWV electrochemical
measurements. The data obtained were used to construct calibration curves by plotting the SWV peak
current against antibody concentration (typical values are shown in Fig. 4A). The analytical response
was assessed in four replicates, and a linear trend was observed from 0.0010 to 10 µg mL⁻¹, where the
relative current peak values versus the logarithm of antibody concentration showed a slope of 0.03
relative units per decade of concentration, with a squared correlation coefficient of 0.99 (Fig. 4B). At the
highest concentration used, the binding kinetics changed, and the response became nonlinear, likely due
to the sensors’ surface saturation. To demonstrate the sensor's reproducibility, four independent
calibrations were performed, yielding a relative standard deviation of the slope of less than 10% within
the linear range. Overall, the sensor showed a highly sensitive response to anti-ST protein antibodies,
along with an extremely low limit of detection of 1.78 pg mL⁻¹, as shown in Figure S1.

To assess its applicability, the biosensor was tested in real nasopharyngeal swab samples. An ELISA
assay was first performed to verify the presence of antibodies in these samples. The typical results are
shown in Figure S2. The positive sample was serially diluted three times in PBS buffer and incubated on
the sensor from the lowest to the highest concentration. SWV measurements were collected after 20
minutes of incubation, as with the standard solutions. As before, the current peaks decreased after each
incubation with the real samples. Figures 5A and 5B also show a linear response according to the
applied dilutions, particularly in the last three samples. The most diluted nasopharyngeal swab may not
contain a sufficient antibody concentration to significantly affect the electrode surface and decrease the
current.

Selectivity of the sensor
The biosensor selectivity study was conducted to assess its ability to detect anti-ST antibodies and
distinguish its response from that to other co-existing antibodies. This study examined the sensor's
response to anti-N protein antibodies. Infected individuals also develop anti-N antibodies, which may
circulate alongside anti-ST antibodies, each providing distinct insights into infection timing and
immunity. Therefore, differentiating between anti-S and anti-N specific immunity is an important
requirement for studying the immunological response in post-infected and vaccinated individuals.

To this end, the biosensor response was tested against individual solutions of anti-N or anti-ST protein
antibodies, all prepared in PBS, over the same concentration range as in the previous calibration. The
collected data consisted of current peak values from SWV measurements after each concentration
incubation, plotted relative to the blank (Fig. 6). Overall, the biosensor response to anti-N was similar to
the blank across all concentrations tested (relative values close to the blank), with only minor random
variations, ranging from 0.939 to 0.975, in terms of relative standard deviation. In contrast, the biosensor
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signal in the presence of anti-ST antibodies was consistently more intense as the concentration
increased, in line with the average values from the calibration. Comparing responses to both antibodies,
the difference between anti-N and anti-ST responses increased with increasing protein concentration.
Altogether, this confirmed that the biosensor provided a selective response for anti-ST antibodies, even
in the presence of anti-N antibodies that are originated from exposure to the same virus. Even given that
anti-N antibodies originated from the same viral exposure.

Conclusions
This work presents a ultrasensitive electrochemical biosensor for detecting SARS-CoV-2 spike protein
antibodies, developed on sustainable paper-based screen-printed electrodes (SPEs). To enhance both
sensitivity and biomimetic capacity, the biosensor employs a dual-innovation architecture: immobilized
carbon dots (CDs) derived from natural sources, which significantly improve the sensor’s
electrochemical activity and signal transduction, and an innovative virus-mimicking biorecognition
element, a biological complex (liposome/ST) engineered to mimic the SARS-CoV-2 virus, providing a
highly favorable microenvironment for precise analyte recognition.

This approach enables direct detection of anti-spike protein antibodies in nasopharyngeal swab samples
using disposable paper-based SPEs. Electrochemical characterization confirms excellent analytical
performance in both buffer and real patient samples, achieving a remarkably low limit of detection (LOD)
of 1.78 pg mL⁻¹ and a differentiated selectivity towards anti-Nucleocapsid protein antibodies.

Overall, by using paper-based substrates and highly scalable fabrication techniques, the resulting
biosensor contributes to future complex diagnostics in a cost-effective, portable format, offering new
insights towards a transformative POC solution capable of screening for anti-S antibodies, monitoring
vulnerable populations, and tracking community-level adaptive immunity, all without the need for
specialized personnel or laboratory infrastructure.
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Figures

Figure 1

Schematic representation of the biosensor assembly and anti-Spike protein antibody recognition. (A)
Carbon dots (CDs) immobilization in the working electrode (WE) area of the screen-printed electrode
(SPE). (B) Carboxylic groups (-COOH) activation with N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide /
N-hydroxysuccinimide (EDAC/NHS). (C) Surface amination with p-phenylenediamine. (D) Liposomes’
functionalization with the biorecognition element Spike Trimer. (E) Their immobilization on the WE. (F)
Blocking of the non-specific binding sites with BSA protein. (G) Selective binding of the antibody against
the Spike protein.
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Figure 2

SWV measurements (A) and the mean current peak intensity values with the respective error bars for the
sensor assembly (B), plotted for the several construction stages: after pre-treatment (PT), followed by
the subsequent incubation of carbon dots (CDs), the liposomes/ST protein complex (lip +ST), and the
blocking agent, the BSA protein.
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Figure 3

Characterization of liposomes. Hydrodynamic diameter and its distribution through DLS analysis (A).
Liposomes with and without the ST protein characterization in terms of hydrodynamic diameter average
values (B) and zeta potential (C). TEM analysis of liposomes (D), (E).
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Figure 4

Calibration plot with the relative current peak current values plotted against the log concentration of
antibody (A), and mean peak currents of the SWV measurements for each concentration (B).

Figure 5

Voltammograms of the nasopharyngeal swab samples obtained by SWV (A), and the corresponding
mean current peak values with the respective error bars (B).
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Figure 6

Relative current peaks response of the biosensor after the incubation of anti-ST or anti-N protein
antibody, ranging from 0.0010 to 10 μg mL-1 (SWV data).
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