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Abstract

An aptamer-based electrochemical biosensor was developed for the highly sensitive detection of SARS-CoV-2 S1 protein
using electrodes modified with a multi-walled carbon nanotube—ionic liquid (MWCNT-IL) composite. Comprehensive
electrochemical and microscopic characterizations of the MWCNT-IL material were conducted, followed by the optimi-
zation of experimental parameters including ionic liquid concentration and surface modification time. Critical parameters
for aptasensor construction, aptamer concentration, immobilization time, and aptamer-protein interaction time, were also
optimized. Under optimal conditions, the biosensor exhibited a wide linear response from 1 fg/mL to 1 ng/mL in buffer,
with a remarkably low limit of detection (LOD) of 0.11 fg/mL. Selectivity evaluations against hemagglutinin antigen (HA)
and MERS-CoV-S1 (MERS) protein confirmed the sensor’s high specificity for SARS-CoV-2 S1 protein. The sensor’s
applicability in artificial saliva was also successfully demonstrated, yielding accurate quantification and low detection
limits (LOD: 0.16 fg/mL). Recovery studies in artificial saliva demonstrated satisfactory accuracy, with recoveries ranging
from 108% to 120% and high reproducibility. Notably, the aptasensor maintained strong selectivity even in the presence
of matrix interferents. Furthermore, the potential for point-of-care use was assessed via a smartphone-connected portable
potentiostat. This handheld system enabled a linear detection range of 1 fg/mL to 1 ng/mL with a LOD of 0.83 fg/mL.
Collectively, these results highlight the MWCNT-IL-based aptasensor as a robust, low-cost, and portable platform for
rapid COVID-19 diagnostics, offering considerable promise for deployment in point-of-care and resource-constrained
environments.

Keywords Multi-walled carbon nanotube - Tonic liquid - SARS-CoV-2 S1 protein - Aptasensor - Differential pulse
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Introduction

COVID-19 is a disease caused by the SARS-CoV-2 virus,
which continues to pose a significant global threat despite
the widespread implementation of vaccines and therapeutic
interventions [1]. The emergence of new variants has sus-
tained the demand for effective diagnostic tools [2, 3]. As
of May 2025, the World Health Organization (WHO) has
reported over 777 million confirmed COVID-19 cases and
more than 7 million related deaths worldwide, highlighting
the urgent need for rapid and accurate diagnostic methods
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[4]. SARS-CoV-2 is an enveloped, single-stranded RNA
virus belonging to the Coronaviridae family [5, 6]. Primar-
ily targeting the respiratory system, the virus is known for its
high transmissibility and pathogenicity. Among its structural
proteins, the spike (S) protein plays a pivotal role in viral
entry into host cells. Consequently, extensive research has
focused on this protein for both diagnostic and therapeutic
purposes [5—7]. Accurate and timely detection of COVID-
19 remains critical for controlling the spread of outbreaks.
The presence of asymptomatic carriers and the continuous
evolution of viral variants further emphasize the need for
rapid and reliable diagnostics. However, current diagnostic
techniques also present certain limitations. For example,
although the reverse transcription polymerase chain reac-
tion (RT-PCR), recognized as the gold standard, offers high
sensitivity, it is time-consuming and requires specialized
laboratory equipment. These limitations have driven the
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development of alternative systems that are low-cost, por-
table, and capable of delivering rapid results [8—10].

Electrochemical biosensors offer promising solutions to
address these challenges. These devices convert specific
biological interactions on the sensor surface into measur-
able electrical signals, enabling the sensitive and selective
detection of target analytes at low concentrations [11]. Their
key advantages, including portability, rapid response time,
and cost-effectiveness, make them highly suitable for point-
of-care diagnostics. Furthermore, electrochemical biosen-
sors outperform conventional techniques in several aspects,
such as simplified sample preparation, ease of use, minia-
turization potential, and short analysis times. Their ability to
integrate with portable devices also enhances their applica-
bility in on-site and bedside diagnostics [12—15].

To further enhance the analytical performance of electro-
chemical biosensors, various nanomaterials have been inte-
grated into electrode interfaces. Recently, two-dimensional
(2D) nanomaterials have attracted significant attention for
SARS-CoV-2 detection due to their large surface area and
unique electronic properties. For instance, Gutierrez-Galvez
et al. [16] and Enebral-Romero et al. [17] demonstrated the
efficacy of few-layer bismuthene and bismuthene-DNA
nanoconjugates for highly sensitive viral sensing. Simi-
larly, molybdenum disulfide (MoS,) and its heterostructures
with graphene have been successfully employed to develop
robust sensing platforms for pathogen detection [18, 19].
While these 2D materials offer exceptional planar proper-
ties, one-dimensional (1D) carbon nanotubes continue to
offer distinct advantages in terms of creating conductive 3D
networks and ease of functionalization.

In this context, to leverage the advantages of carbon-
based nanomaterials, a composite of multi-walled carbon
nanotubes (MWCNTs) and ionic liquid (IL) was employed
as the electrode modification platform (MWCNT-IL). Unlike
ensuring only conductivity, the MWCNT-IL composite pro-
vides a synergistic effect where the IL prevents the aggrega-
tion of MWCNTs, creating a homogeneous and stable 3D
sensing interface with enhanced electron transfer kinetics.
MWCNTs facilitate faster electron transfer, thereby enhanc-
ing the sensitivity of the biosensor [20, 21]. Meanwhile, IL
contributes to the stability of the electrode by promoting
homogeneous surface modification [22]. The synergistic
combination of these materials enables the aptasensor to
detect low concentrations of the target analyte with high pre-
cision. Moreover, the high surface area of MWCNTs allows
for efficient immobilization of aptamers, while IL enhances
ionic conductivity, leading to more stable redox probe sig-
nals [22]. This facilitates the detection of even subtle signal
variations upon analyte binding. Additionally, the thermal
and chemical stability of IL improves the durability of the
aptasensor and ensures reliable performance in long-term
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analyses [23]. The uniform surface modification provided
by IL also improves the reproducibility of the biosensor,
contributing to consistent analytical performance. Owing
to these features, the MWCNT-IL composite was selected
in this study as an ideal platform for the sensitive detec-
tion of the SARS-CoV-2 S1 protein. In this context, pen-
cil graphite electrodes (PGEs) were specifically selected as
the transducer platform due to their widespread availability,
disposable nature, and significantly lower cost compared
to conventional screen-printed electrodes, making them
ideal candidates for developing affordable diagnostics for
resource-limited settings.

Aptamers are single-stranded DNA or RNA molecules
that bind to target molecules with high specificity. Their
chemical synthesizability, low production cost, and high
stability have made them increasingly attractive compo-
nents for biosensor design in recent years [24, 25]. Due to
their strong affinity toward specific target analytes, aptam-
ers enable highly sensitive and selective detection [24-26].
Leveraging these advantages, this study aims to develop an
aptamer-based electrochemical biosensor for the detection
of the SARS-CoV-2 S1 protein. Several studies in the lit-
erature have employed different techniques to design apta-
sensors for SARS-CoV-2 S1 protein detection [27-37]. In
the study by Curti et al. [31], an electrochemical aptasen-
sor was developed by immobilizing a redox-labeled DNA
aptamer specific to the S1 protein onto a screen-printed car-
bon electrode modified with multi-walled carbon nanotubes
(MWCNTs). The detection was based on signal reduction
resulting from aptamer—protein binding. The sensor exhib-
ited high selectivity for the target protein, with a reported
detection limit of 7 nM. The aptasensor was successfully
applied in both buffer solutions and viral transport media
commonly used for nasopharyngeal swab collection, with
no cross-reactivity observed with other viral proteins.
In another study, Wang et al. [29], developed an aptasen-
sor based on helicase-dependent isothermal amplification
(HRCA) for S1 protein detection. The detection strategy
relied on a sandwich complex consisting of antibody-target-
aptamer immobilized on a microplate surface, with fluores-
cence signals amplified via HRCA. The method achieved a
detection limit of 89.7 fg/mL within a concentration range
of 100 fg/mL to 1 pg/mL. In diluted artificial saliva samples,
the detection limit for SARS-CoV-2 spike pseudovirus was
calculated as 51 TU/uL. Adeel et al. [28], developed a label-
free electrochemical aptasensor for the rapid detection of
the SARS-CoV-2 spike protein. The sensing platform was
constructed on a porous carbon fabric modified with gold
nanoparticles to enhance conductivity and electrochemi-
cal performance. Thiol-functionalized DNA aptamers were
immobilized on the electrode surface for specific spike pro-
tein recognition. Using [Fe(CN),]* 7" as the redox probe,
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the sensor demonstrated detection via differential pulse
voltammetry (DPV) and chronopotentiometry (CP). The
calculated limits of detection were 0.11 ng/mL (DPV) and
37.8 ng/mL (CP). In diluted human saliva, detection limits
were 0.167 ng/mL (DPV) and 46.2 ng/mL (CP). Cennamo et
al. [38], designed an optical aptasensor targeting the recep-
tor-binding domain (RBD) of the SARS-CoV-2 spike gly-
coprotein. A specific aptamer was immobilized on a short
polyethylene glycol interface coated onto a gold nanofilm
deposited on a D-shaped plastic optical fiber. The aptamer—
protein interaction was monitored using the surface plas-
mon resonance (SPR) technique, enabling highly sensitive
detection in the 25—-1000 nM range, with a detection limit of
37 nM. Selectivity was validated against interferents such
as BSA, AHIN1 hemagglutinin, and MERS-CoV spike pro-
teins. Furthermore, the aptasensor was successfully tested in
diluted human serum samples.

In this study, a novel electrochemical aptasensor based on
the synergistic MWCNT-IL composite was developed for
the ultrasensitive detection of the SARS-CoV-2 S1 protein.
To the best of our knowledge, this is the first report utilizing
the MWCNT-IL platform for S1 protein detection, distin-
guishing it from existing 2D nanomaterial-based or standard
carbon-based sensors. The electrochemical characterization
of the fabricated aptasensor was performed using cyclic
voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS). Various experimental parameters, includ-
ing modification time with MWCNT-IL, IL concentration,
aptamer concentration, incubation periods for aptamer and
protein interactions, and comparison of interaction proce-
dures, were systematically optimized. Under optimized
conditions, the analytical performance of the aptasensor was
evaluated. The sensor’s selectivity was confirmed, and its
applicability was demonstrated in artificial saliva. To further
assess its suitability for point-of-care testing, the detection
of S1 protein was also performed using a portable potentio-
stat integrated with a smartphone. The proposed MWCNT-
IL-based aptasensor offers a low-cost, portable, and highly
sensitive alternative for COVID-19 diagnostics. With its
rapid analysis time and broad linear detection range, this
aptasensor holds strong potential as an effective alternative
to conventional diagnostic methods for SARS-CoV-2.

Materials and methods

Chemicals and apparatus

Electrochemical measurements were performed using an
AUTOLAB PGSTAT302N potentiostat equipped with

the FRA 2.0 module, operated via NOVA 1.11.1 soft-
ware (Eco Chemie, The Netherlands). Additionally, a

portable potentiostat (GalvanoPlot, SolarBiotec, Tiir-
kiye) was employed for its implementation to the point-
of-care application. The laboratory-based measurements
were conducted inside a Faraday cage (Eco Chemie, The
Netherlands) to minimize external electrical noise. A con-
ventional three-electrode configuration was employed,
consisting of a pencil graphite electrode (PGE) as the
working electrode, an Ag/AgCl reference electrode (BAS,
Model RE-5B, W. Lafayette, USA), and a platinum wire as
the counter electrode.

The optimized aptamer sequence specific to the SARS-
CoV-2 S1 protein was purchased from Aptamer Group
(York, United Kingdom). Due to proprietary considerations,
the manufacturer did not disclose the complete sequence
details. In this study, two different buffer systems were
used: acetate buffer solution (ABS, 0.5 M, pH 4.80) and
phosphate-buffered saline (PBS, 50 mM, pH 7.40). For the
aptamer-target interaction, a binding buffer recommended
by the manufacturer was employed. This buffer contained
MES monohydrate, MgCl,, CaCl,, NaCl, KCl, Na,SO,,
Tween 20, and bovine serum albumin (BSA). Aptamers
were prepared and diluted using this binding buffer to pre-
serve their structural and functional integrity. The recom-
binant SARS-CoV-2 S1 protein was obtained from Sino
Biological. A stock solution was prepared in ultrapure water
at a concentration of 250 pg/mL and stored at -80 °C until
use. Working solutions of the S1 protein were freshly pre-
pared by dilution in PBS (50 mM, pH 7.40). For selectivity
experiments, MERS-CoV S1 protein (also purchased from
Sino Biological) was prepared as a 150 pg/mL stock solu-
tion in ultrapure water and stored at —80 °C. Working dilu-
tions were also made using PBS. Influenza hemagglutinin
(HA) antigen was purchased from Sigma-Aldrich and pre-
pared as a 5 mg/mL stock solution in ultrapure water, stored
at —20 °C, and similarly diluted with PBS for experimental
use. The ionic liquid 1-butyl-3-methylimidazolium hexa-
fluorophosphate (IL) and carboxylic acid-functionalized
multi-walled carbon nanotubes (MWCNTs) were both pur-
chased from Sigma-Aldrich.

Artificial saliva was prepared based on the formulation
reported by Vozgirdaite et al. [39]. The artificial saliva solu-
tion contained 4 mg/mL urea, 4 mg/mL mucin (from porcine
stomach), 0.6 mg/mL Na,HPO,, 0.3 mg/mL NaHCO;, 0.6
mg/mL CaCl,, 0.4 mg/mL KCl, and 0.4 mg/mL NaCl, all
dissolved in ultrapure water. The solution was homogenized
by ultrasonication for 20 min and adjusted to pH 7.2 using
0.1 M NaOH. The prepared artificial saliva was stored at 4
°C and diluted in PBS (50 mM, pH 7.40) at various ratios
for experimental use.

All reagents, including sodium chloride (NaCl), sodium
hydroxide (NaOH), dipotassium hydrogen phosphate
(K,HPO,), potassium dihydrogen phosphate (KH,PO,),
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potassium ferricyanide [K;Fe(CN)s], potassium fer-
rocyanide trihydrate [K,Fe(CN)4.3H,0], acetic acid,
and N,N-dimethylformamide (DMF), were of analyti-
cal grade and obtained from Sigma-Aldrich. The N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) were also pur-
chased from Sigma-Aldrich. All aqueous solutions were
prepared using ultrapure water obtained from a Milli-Q®
purification system.

Preparation of multi-walled carbon nanotube-ionic
liquid (MWCNT-IL) composite

To prepare the MWCNT-IL composite, carboxylic acid-
functionalized multi-walled carbon nanotubes (MWCNTs)
were first dispersed in DMF at a final concentration of
500 pg/mL. The suspension was subjected to ultrasonic
treatment in a bath sonicator for 30 min to ensure uniform
dispersion. In parallel, a solution of the IL was prepared in
DMF at a specified concentration and sonicated for 30 min.
Subsequently, a defined volume of the IL solution was
added to the MWCNT dispersion, and the resulting mixture
was further sonicated for an additional 30 min to promote
homogeneous integration of the components. Following
sonication, the composite suspension was stored at 4 °C
until use. Prior to electrode modification, the composite was
re-sonicated for 10 min to ensure uniformity, after which it
was applied directly for electrode surface modification.

Procedure

The step-by-step procedure employed for the development
of the electrochemical aptasensor for SARS-CoV-2 S1 pro-
tein detection is described below:

(i) Activation of the pencil graphite electrode (PGE) sur-
face: The electrochemical activation of the PGE surface
was performed in acetate buffer solution (ABS, 0.5 M,
pH 4.80) by applying a constant potential of + 1.2 V for
30s.

(i) Modification of the PGE surface with the MWCNT-IL
composite: Following electrochemical activation, the
PGE surface was modified with the previously prepared
multi-walled carbon nanotube—ionic liquid (MWCNT-
IL) composite. The electrodes were immersed in the
MWCNT-IL dispersion and incubated for 60 min to
allow for surface modification. The modified electrodes
were then left to dry at room temperature for 30 min.

(iii) Immobilization of the SARS-CoV-2 Sl-specific
aptamer on the electrode surface: After surface modifi-
cation, the immobilization of the aptamer specific to the
SARS-CoV-2 S1 protein was carried out. Initially, the
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electrodes were activated chemically by immersion in
a freshly prepared solution containing 5 mM EDC and
8 mM NHS in 50 mM MES buffer (pH 6.0) for 30 min.
Subsequently, the activated electrodes were immersed
in an aptamer solution of defined concentration and
incubated for 30 min to allow aptamer immobilization.
After immobilization, the electrodes were rinsed with
binding buffer to remove weakly adsorbed aptamer
strands from the surface.

(iv) Interaction between the immobilized aptamer and the
SARS-CoV-2 S1 protein: The interaction between the
surface-immobilized aptamer and the SARS-CoV-2
S1 protein was then performed. Aptamer-immobilized
electrodes were immersed in SARS-CoV-2 S1 protein
solutions prepared at various concentrations in PBS
(50 mM, pH 7.40) and incubated for 30 min to allow
for aptamer—protein binding. Following incubation, the
electrodes were thoroughly rinsed with PBS to remove
unbound protein. It is important to note that a separate
surface blocking step was not required in this assay. The
binding buffer used during the aptamer-protein interac-
tion contains BSA and Tween 20, which effectively
function as blocking agents to minimize non-specific
binding during the incubation period. Additionally,
previous studies [32] indicated that a separate blocking
step reduced signal sensitivity, whereas the antifouling
properties of the MWCNT-IL composite naturally sup-
press non-specific adsorption.

(v) Differential pulse voltammetry (DPV) measurements:
DPV measurements were conducted in a solution of 2.5
mM [Fe(CN),** prepared in 0.1 M KCI. The poten-
tial range was set from — 0.1 V to + 0.8 V, with a scan
rate of 50 mV.

A schematic representation of the developed electro-
chemical aptasensor for SARS-CoV-2 S1 protein detection
is illustrated in Fig. 1.

Results and discussion

In this study, an aptasensor was developed for the detec-
tion of the SARS-CoV-2 S1 protein using electrodes modi-
fied with a composite of multi-walled carbon nanotubes
(MWCNTs) and an ionic liquid (IL). The study initially
focused on the characterization of the MWCNT-IL com-
posite to evaluate its properties and suitability for biosensor
applications.

Microscopic characterization studies were conducted to
investigate the surface morphology of the developed elec-
trochemical aptasensor for SARS-CoV-2 S1 protein detec-
tion. For this purpose, scanning electron microscopy (SEM)
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(A) Preparation of the MWCNT-IL composite
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MWCNT-IL composite

(B) Modification of the PGE with MWCNT-IL

PGE/MWCNT-IL

(C) Preparation of the aptasensor and electrochemical measurement
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Activation with EDC/NHS Aptamer immobilization

Fig. 1 Schematic illustration of the experimental procedure steps for
the electrochemical aptasensor developed for the detection of SARS-
CoV-2 S1 protein. (A) Preparation of the MWCNT-IL composite, (B)

analyses were performed for unmodified and modified pen-
cil graphite electrodes (PGE, PGE/IL, PGE/MWCNT, and
PGE/MWCNT-IL). SEM imaging was carried out at the
Central Research Test and Analysis Laboratory Application
and Research Center of Ege University. The resulting SEM
micrographs are presented in Fig. 2.

The SEM images obtained from surface characteriza-
tion revealed distinct morphological differences among the
PGE, PGE/IL, PGE/MWCNT, and PGE/MWCNT-IL elec-
trodes. In the bare PGE electrodes, the characteristic layered
morphology of the graphite structure was clearly observed,
reflecting the inherent structural features of the material. In
the case of PGE/IL electrodes, a more homogeneous and
smoother surface morphology was noted, indicating that
the IL formed a uniform coating over the electrode surface,
resulting in a more even topography. For the PGE/MWCNT
group, the typical web-like structure of carbon nanotubes
was observed; however, these structures appeared to be con-
centrated in localized regions on the electrode surface. In
contrast, PGE/MWCNT-IL electrodes exhibited a more uni-
form distribution of the nanotube network, with the distinc-
tive fibrous structure of the carbon nanotubes clearly visible
across a larger portion of the surface. This improved disper-
sion is attributed to the presence of IL, which facilitated the
homogeneous integration of MWCNTSs onto the electrode
surface (Fig. 2). The observed web-like morphology aligns

Interaction with S1 Protein

P e,
B B

Electrochemical measurement

Modification of the electrode surface with the prepared MWCNT-IL
composite, (C) Construction of the aptasensor and the electrochemical
measurement process. The figure was created using BioRender

well with previous reports in the literature [40, 41]. The
widespread presence of this network across the modified
surface underscores the synergistic effect of the MWCNT-IL
composite and confirms the successful surface modification
of the electrode. It should be noted that further morphologi-
cal characterization (e.g., EDAX) for the aptamer layer was
not feasible due to the high phosphorus content of the ionic
liquid (BMIM-PF), which interferes with the detection of
the DNA backbone. Consequently, the successful immobi-
lization of the aptamer was verified using electrochemical
technique, which provide higher sensitivity for tracking sur-
face interface changes.

Following the fabrication of the aptasensor for SARS-
CoV-2 S1 protein detection, electrochemical characteriza-
tion was conducted using cyclic voltammetry (CV). In this
context, the PGE surface was individually modified with
MWCNT, IL, and MWCNT-IL composite materials by
immersing the electrodes in the respective dispersions for
1 h. The effect of each modification on the electrochemical
response was evaluated via CV measurements. The experi-
ments were performed in 2.5 mM [Fe(CN)G]H“’ redox
probe solution, prepared in 0.1 M KCIl, over a potential
range of — 0.5 V to + 1.0 V at a scan rate of 50 mV/s. The
resulting voltammograms are presented in Fig. S1. The
electrochemical data demonstrated that surface modifica-
tion with 500 pg/mL MWCNT, 10% IL, and the combined
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Fig.2 SEM images of PGE,
PGE/IL, PGE/MWCNT, and
PGE/MWCNT-IL surfaces
obtained at magnifications of (A)
1 um and (B) 2 pm
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500 pg/mL MWCNT-10% IL composite led to current
enhancements of 9.32%, 11.17%, and 24.17%, respectively,
compared to the bare PGE control. Control experiments per-
formed with the same electrode configurations (PGE, PGE/
IL, PGE/MWCNT, and PGE/MWCNT-IL) in 0.1 M KCI
without the redox probe yielded no detectable signals (Fig.
S1), confirming the specificity of the redox probe response.
These results clearly indicate that the MWCNT-IL com-
posite provides superior electrochemical performance not
only compared to the unmodified electrode but also when
compared to electrodes modified with MWCNT or IL alone.
The enhanced performance of the composite is attributed
to the synergistic interaction between the two components.
MWCNTs contribute to efficient electron transfer due to
their high surface area and excellent electrical conductiv-
ity. Meanwhile, the ionic liquid facilitates charge transport
by providing an ionically conductive environment and
enhances the stability of electrochemical reactions. Fur-
thermore, the integration of IL into the MWCNT matrix
promotes a more homogeneous dispersion of the nanotubes
across the electrode surface, resulting in a well-organized
and accessible conductive network. This synergistic com-
bination not only improves electron transfer kinetics but
also provides a favorable interfacial environment for ana-
lyte—electrode interactions, thereby yielding a significant
increase in current response. Therefore, the MWCNT-IL
composite offers a distinct advantage in terms of sensitivity
and electrochemical performance over electrodes modified
with either component alone [42—49].

To evaluate the effect of IL concentration on the elec-
trochemical performance of the MWCNT-IL composite, an
optimization study was carried out. In this study, composite
dispersions were prepared using different IL concentrations
(2.5%, 5%, 10%, and 15% v/v), and the PGE surfaces were
modified with each composite. The impact of IL concentra-
tion on sensor response was then assessed using CV. The
results are shown in Fig. 3A. According to the results, the
highest current response was obtained when the IL con-
centration was increased to 5%. Beyond this point, further
increases in IL concentration led to a gradual decrease in
current enhancement. Compared to the unmodified con-
trol electrode, current enhancements of 19.66%, 38.71%,
24.17%, and 14.60% were observed for composites contain-
ing 2.5%, 5%, 10%, and 15% IL, respectively (Fig. 3A).
Based on these findings, the composite containing 5% IL
yielded the highest and most reproducible current increase
and was therefore selected as the optimal IL concentration.
The significant enhancement in current observed at 5% IL
concentration is likely due to an optimal balance between
ionic conductivity and accessible active surface area. At this
concentration, it is proposed that IL forms a uniform and
thin layer over the MWCNT surface, promoting efficient

electron transfer while maintaining adequate exposure of
active sites. In contrast, at higher IL concentrations, the
excessive accumulation of IL may lead to partial coverage
of the MWCNT active regions, impeding electron trans-
fer. Moreover, the formation of a thicker IL layer may hin-
der analyte diffusion to the electrode surface, resulting in
decreased current response [50].

Following the optimization of IL concentration in the
MWCNT-IL composite, further studies were conducted to
investigate the effect of different modification durations on
the sensor response. For this purpose, PGE surfaces were
modified with the optimized composite (containing 5% IL)
for various durations (15, 30, and 60 min), and the resulting
electrochemical responses were evaluated by CV (Fig. 3B).
Compared to the control group, current enhancements of
9.53%, 5.92%, and 38.71% were observed for 15, 30, and
60 min of modification, respectively (Fig. 3B). The highest
and most reproducible current increase was achieved with a
modification time of 60 min, which was therefore selected
as the optimum modification duration.

The effect of scan rate on the current response of the elec-
trodes modified with the MWCNT-IL composite was inves-
tigated using CV in 2.5 mM [Fe(CN)6]3’/4’ redox probe
solution at various scan rates (10, 25, 50, 75, 100, 150, and
200 mV/s). The resulting voltammograms are presented in
Fig. S2. As illustrated, a linear relationship was observed
between the square root of the scan rate and the peak cur-
rent (Fig. S2), indicating that the electron transfer process at
the electrode—solution interface is governed by a diffusion-
controlled mechanism.

Additionally, the electrochemical behavior of the sen-
sor constructed with the MWCNT-IL composite was
further evaluated by electrochemical impedance spectros-
copy (EIS). EIS measurements were performed in 2.5 mM
[Fe(CN)6]3’/4’ redox probe solution using both unmodi-
fied and MWCNT-IL modified PGE electrodes. The corre-
sponding Nyquist plots are shown in Fig. S3. A significant
decrease in charge transfer resistance (Rct) was observed
for the modified electrodes compared to the bare PGE (Fig.
S3), suggesting improved conductivity and enhanced elec-
tron transfer efficiency at the electrode—electrolyte inter-
face. This reduction in Rect is attributed to the high electrical
conductivity of MWCNTs and the ionic nature of IL, which
together exhibit a synergistic effect that accelerates charge
transport and minimizes resistance losses. Moreover, the
homogeneous distribution of IL across the MWCNT surface
is believed to facilitate the accessibility of the redox probe
to the electrode surface, thereby further contributing to the
improved electrochemical performance [42—-44, 47-49].

Following the optimization and characterization of the
composite material, further studies were carried out to
optimize experimental parameters of the aptasensor. As an
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Fig. 3 Histograms showing (A)
the effect of IL concentration

in the MWCNT-IL composite
and (B) the effect of modifi-
cation time during electrode
surface modification with the
MWCNT-IL composite on the
sensor response. In the aptasen-
sor developed for the detection
of SARS-CoV-2 S1 protein,
histograms obtained from
optimization studies related to
(C) the interaction procedure,
(D) aptamer concentration, (E)
aptamer immobilization time on
the electrode surface, and (F)
the interaction time between the
aptamer and S1 protein on the
electrode surface
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initial step, two different aptamer—target interaction pro-
cedures were investigated to determine the most effective
approach. In the solution-phase interaction procedure, 0.3
nM of the aptamer was mixed with 80 ng/mL of SARS-
CoV-2 S1 protein under gentle agitation for 5 min. The
resulting aptamer-protein complex was then immobilized
onto the PGE/MWCNT-IL surface (pre-activated with
EDC/NHS) by incubation for 15 min [32]. In the electrode
surface interaction procedure, 0.3 nM aptamer was first
immobilized onto the EDC/NHS-activated PGE/MWCNT-
IL electrode by incubation for 30 min. Subsequently, the
modified electrodes were immersed in an 80 ng/mL S1 pro-
tein solution and incubated for another 30 min to facilitate
aptamer-protein binding at the electrode surface. Follow-
ing both procedures, differential pulse voltammetry (DPV)
measurements were performed in 2.5 mM [Fe(CN),]* 74"
redox probe solution. The current responses before and after
aptamer—protein interaction were compared at + 0.2 V, and
the results are presented in Fig. 3C and Fig. S4. Accord-
ing to the findings, the solution-phase interaction procedure
led to a 19.58% decrease in current relative to the control
group, while the electrode surface interaction procedure
resulted in a more pronounced 30.21% current decrease
(Fig. 3C). These results clearly indicate that the electrode
surface interaction procedure yields a more effective signal
suppression and was thus selected as the optimum strategy
for subsequent experiments.

The electrochemical detection principle is based on the
modulation of the redox probe’s electron transfer efficiency
at the electrode interface. Initially, the modification of the
PGE with the MWCNT-IL composite significantly enhances
the electroactive surface area and conductivity, facilitating
rapid electron transfer. Following this, the decrease in cur-
rent following aptamer immobilization can be explained
by electrostatic repulsion. DNA aptamers carry nega-
tively charged phosphate backbones, and the redox probe
[Fe(CN)6]37/47 is also anionic in nature. Upon immobiliza-
tion, repulsive electrostatic forces arise between the aptamer
layer and the redox species, which hinders their approach
to the electrode surface and consequently impedes electron
transfer. Furthermore, the aptamer layer alters the surface
charge distribution, rendering the surface more negatively
charged and further restricting access of the redox probe.
This phenomenon accounts for the reduction in current
observed post-immobilization and is consistent with find-
ings reported in previous studies [30, 51-53]. Additionally,
the observed decrease in current after aptamer-S1 protein
binding is attributed to steric hindrance caused by the for-
mation of an aptamer-protein complex on the electrode
surface. This complex creates a larger molecular structure
that physically obstructs the access of the redox probe to
the electrode interface, reducing the efficiency of electron

transfer and thereby decreasing the electrochemical signal.
These findings are also in agreement with previous litera-
ture [30, 51-53]. In conclusion, the electrode surface inter-
action procedure was determined to be the most effective
strategy for aptamer-target binding and was employed in
all subsequent experiments. To validate the specificity of
the sensor response, a control DPV measurement was per-
formed using the MWCNT-IL modified electrode in the
absence of the aptamer. Upon incubation with 80 ng/mL S1
protein, a high current response of 132.30 + 14.54 pA (n =
3) was maintained. In contrast, the aptamer-functionalized
electrode (baseline signal: 90.23 £0.61 pA; n = 3) exhibited
a significant decrease to 62.97 = 1.41 pA (n = 3) under the
same conditions. This comparison confirms that the S1 pro-
tein does not cause significant non-specific blocking of the
electrode surface and that the observed signal suppression is
due to the specific recognition by the immobilized aptamer.

Following the determination of the optimal interaction
procedure, further optimization studies were conducted to
evaluate the effect of aptamer concentration on sensor per-
formance. Based on our previous work [32] and relevant
literature [34], different concentrations of aptamer (0.03,
0.3, 3, and 30 nM) were immobilized on the PGE/MWCNT-
IL-modified electrode surface. Subsequently, the electrodes
were incubated with SARS-CoV-2 S1 protein to allow for
aptamer-target interaction at the surface. DPV measure-
ments were then performed, and the results are presented
in Fig. 3D. Among all tested concentrations, the most pro-
nounced and reproducible current decrease (30.21%) com-
pared to the control was observed with 0.3 nM aptamer, with
a relative standard deviation of 2.24% (n = 3), as shown
in Fig. 3D. Therefore, 0.3 nM was selected as the optimal
aptamer concentration for further experiments.

Subsequently, the effect of aptamer immobilization time
on sensor performance was investigated. For this purpose,
0.3 nM aptamer was immobilized onto the electrode sur-
face for varying durations (15, 30, and 60 min), followed by
incubation with S1 protein to facilitate aptamer-target inter-
action. DPV measurements were conducted after each inter-
action step, and the results are shown in Fig. 3E. A gradual
decrease in both the baseline and post-interaction current
responses was observed with increasing immobilization
time. The greatest current decrease (30.21%) relative to the
control group was obtained after 30 min of immobilization
(Fig. 3E). Hence, 30 min was determined to be the optimal
immobilization duration.

Finally, the effect of aptamer-target interaction time on
the electrochemical response was examined. After immo-
bilization of the aptamer onto the electrode surface, the
electrodes were incubated in S1 protein solution for varying
durations (15, 30, and 60 min). DPV measurements were
recorded following each interaction period, and the results
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are depicted in Fig. 3F. The most significant and reproduc-
ible current decrease (30.21%, RSD=2.24%, n=3) relative
to the control was achieved after 30 min of incubation with
the S1 protein (Fig. 3F). Accordingly, 30 min was selected
as the optimal interaction time.

Following the optimization of experimental parameters,
the analytical performance of the developed aptasensor for
SARS-CoV-2 S1 protein detection was evaluated under
optimal conditions. For this purpose, S1 protein solutions
were prepared in the concentration range of 1 pg/mL to 10
ng/mL. Aptamer-immobilized electrodes modified with the
MWCNT-IL composite were immersed in these solutions
to allow interaction between the aptamer and the S1 pro-
tein at the electrode surface. DPV measurements were then
performed to monitor the sensor response across increas-
ing concentrations. The resulting response profile is illus-
trated in Fig. S5. To determine the limit of detection (LOD)
within the linear response range, S1 protein solutions were
prepared in the range of 10° to 10° fg/mL. Aptamer-immobi-
lized electrodes were incubated in these solutions, followed
by DPV measurements conducted in 2.5 mM [Fe(CN)¢]* 74~
redox probe solution. The corresponding DPV voltam-
mograms and the calibration plot of the average current
response (n=3) are shown in Fig. 4A and B.

As the concentration of S1 protein increased, a progres-
sive decrease in current was observed. This phenomenon can
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Fig. 4 (A) Differential pulse voltammograms and (B) the correspond-
ing calibration curve obtained in the concentration range of 10°-10°
fg/mL in buffer medium using the developed aptasensor for the detec-
tion of SARS-CoV-2 S1 protein. (C) and (D) Histograms showing the
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be attributed to the increasing formation of aptamer-protein
complexes on the electrode surface, which imposes steric
hindrance. At higher target concentrations, more binding
events occur, resulting in the formation of larger molecular
assemblies that physically block the access of redox probe
molecules to the electrode surface. This steric effect limits
electron transfer and thus leads to a reduction in the elec-
trochemical signal [30, 51]. The proportional relationship
observed between the decreasing current and increasing S1
protein concentration demonstrates the aptasensor’s capa-
bility for quantitative analysis of the target analyte.

A calibration curve was constructed over the linear range
of 10° to 10° fg/mL (Fig. 4B). The regression equation was
obtained as: I/uA = -6.61 10g (Cg; progein / fg mL™ ') + 81.94
with a correlation coefficient of R? = 0.99. The calibration
curve was plotted on a semi-logarithmic scale to maintain
linearity across the wide concentration range (10° — 10° fg/
mL). This approach allows for a meaningful visualization
of the sensor response and a more accurate estimation of
analytical parameters. The LOD was calculated according
to the [UPAC method [54] using the equation:

SLop = Sbiank — k X 0 plank
where S, is the average electrochemical signal of the
blank (zero concentration), oy, is the standard deviation
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selectivity results against HA and MERS at concentrations of 100 fg/
mL and 1000 fg/mL, respectively. DPV measurements were performed
ina 2.5 mM [Fe(CN)]> 7 redox probe solution
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of the blank signal (n = 3), and k is the numerical factor cho-
sen according to the desired confidence level (k = 3). The
signal value corresponding to S; o, was then projected onto
the semi-logarithmic calibration equation (I/uA = -6.61 log
(Cs proein / fg ML~ 1) + 81.94) to determine the correspond-
ing S1 protein concentration. According to this method [54],
the LOD was calculated to be 0.11 fg/mL. Furthermore, the
sensitivity of the biosensor in buffer solution was deter-
mined by dividing the slope of the calibration curve (6.61)
by the effective surface area of the electrode (0.2796 cm?),
yielding a value of 23.64 pAmL fg~ ' cm™ 2,

A comparative overview of previously reported aptasen-
sors for COVID-19 diagnosis is provided in Table 1.

In the literature, various electrochemical aptasensors
have been developed for the detection of COVID-19 bio-
markers, targeting different viral proteins such as the recep-
tor-binding domain (RBD), S1 subunit, full-length spike (S)
protein, and nucleocapsid (N) protein. In the present study,
an electrochemical aptasensor based on a MWCNT-IL com-
posite-modified electrode was developed for the detection
of the SARS-CoV-2 S1 protein. When compared to previ-
ous reports [27, 28, 30, 31, 36, 37], the proposed aptasensor
exhibited a significantly lower detection limit over a broader
linear concentration range. This enhanced analytical perfor-
mance is attributed primarily to the unique properties of
the composite material employed. The high electrical con-
ductivity of the MWCNT-IL composite improved electron
transfer kinetics at the electrode interface, thereby increas-
ing the sensitivity of the aptasensor and facilitating the

detection of ultra-low analyte concentrations. Moreover, the
large surface area provided by the nanomaterial enabled the
immobilization of a higher density of aptamer molecules,
further enhancing the biosensor’s responsiveness. In addi-
tion, the ionic liquid contributed to a homogenous modi-
fication of the electrode surface, which not only improved
the sensor’s signal stability but also enhanced its repeatabil-
ity and operational robustness. Collectively, these features
allowed the aptasensor to surpass the performance metrics
of several previously reported systems and establish itself as
a promising and practical alternative for the electrochemical
detection of COVID-19 biomarkers.

In addition to analytical performance, the reproducibility
of the developed aptasensor was also evaluated. Reproduc-
ibility was assessed by recording the sensor response to 1
pg/mL SARS-CoV-2 S1 protein over three separate days,
using two independently prepared aptasensors per day. The
results are summarized in Table S1. According to the data
presented, intra-day reproducibility (expressed as %RSD)
was calculated as 0.80% for Day 1, 6.11% for Day 2, and
4.00% for Day 3. Inter-day reproducibility, based on six
independently fabricated aptasensors, was determined to
be 3.79%. These findings demonstrate the aptasensor’s
high level of reproducibility and confirm its reliability
for consistent detection of the S1 protein across multiple
measurements.

The selectivity of the developed aptasensor was further
assessed using HA and MERS protein as potential interfer-
ing agents. HA was chosen due to the symptomatic overlap

Table 1 Electrochemical aptasensor studies reported in the literature for COVID-19 detection

Analyte Method Linear range Limit of detection Application Ref.
Receptor binding Electrochemical impedance 10 pM-25 nM 1.30 pM SARS-CoV-2 pseudovirus  [27]
domain spectroscopy
Electrochemical impedance 0.01-64 nM 7.0 pM Human saliva samples [30]
spectroscopy
Differential pulse 20-100 nM 7 nM Artificial [31]
voltammetry viral transport medium
Square wave voltammetry  0.5-250 ng/mL 0.36 ng/mL Saliva samples [37]
S1 protein Square wave voltammetry ~ 0-1000 nM 0.75 tM Pharyngeal swab samples  [33]
Electrochemical impedance 10'-10° ag/mL 8.80 ag/mL Artificial saliva samples [32]
spectroscopy
Electrochemical impedance - - Clinical samples [34]
spectroscopy
Spike protein Square wave voltammetry 0.1 fg/ml—1.2 pg/mL  0.03 fg/mL Saliva and viral transport ~ [35]
medium samples
Differential pulse voltam- 0-1000 ng/mL DPV: 0.11 ng/mL Diluted human saliva [28]
metry (DPV) and chronopo- CP: 37.8 ng/mL samples
tentiometry (CP)
Nucleocapsid protein ~ Square wave voltammetry ~ 5-100 nM 2.40,1.95, 10 and 1.75 Artificial saliva samples [36]
nM for A15, A58, A48 and
A61 aptamers, respectively
S1 protein Differential pulse voltam- 1 fg/mL-1 ng/mLin  0.11 fg/mL in buffer Artificial saliva samples This
metry (DPV) buffer and artificial medium and 0.16 fg/mL in study

saliva medium

artificial saliva medium
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between influenza and COVID-19, while MERS-CoV-
S1 was selected because of its structural similarity to the
SARS-CoV-2 S1 protein. Selectivity tests were conducted
at two concentrations (100 fg/mL and 1000 fg/mL), both in
the presence and absence of the target S1 protein. The results
are shown in Fig. 4C and D. In the absence of S1 protein,
the relative current responses at 100 fg/mL were calculated
as 2.60% for HA and 1.41% for MERS. At 1000 fg/mL, the
responses were 2.63% for HA and 2.75% for MERS. In con-
trast, when S1 protein was present in the system, the rela-
tive responses in the presence of HA and MERS at 100 fg/
mL were 99.05% and 98.70%, respectively. At 1000 fg/mL,
the corresponding values were 96.25% and 96.30%. These
percentage values were calculated by considering the sig-
nal obtained from 100 fg/mL and 1000 fg/mL S1 protein
as 100%, respectively. Overall, the low background signals
from HA and MERS and the strong target response in mixed
conditions confirm the high selectivity of the developed
aptasensor toward SARS-CoV-2 S1 protein, highlighting
its suitability for application in complex biological matri-
ces and in the presence of potential interferents. To vali-
date the statistical differences between the S1 protein and
other interfering agents such as HA and MERS, Student’s
t-test analysis was performed. The analysis was conducted
to determine whether the average current responses (n=3)
obtained from each sample group were significantly dif-
ferent, under the assumption of equal variances among the
groups. At a 95% confidence interval, the obtained p-values
for 100 fg/mL HA-S1 protein, 100 fg/mL MERS-S1 pro-
tein, 1000 fg/mL HA-S1 protein, and 1000 fg/mL MERS—
S1 protein were found to be 0.006, 0.007, 0.017, and 0.013,
respectively. Since all p-values were below the significance
threshold of 0.05, these results confirm that there are statis-
tically significant differences between the groups analyzed.
Collectively, these findings demonstrate that, compared to
other potentially interfering agents, the aptamer specific to
the S1 protein exhibits a high binding affinity toward its
target and that the developed biosensor displays excellent
selectivity for the S1 protein.

To evaluate the applicability of the developed aptasen-
sor in complex biological matrices, its performance was
tested in artificial saliva. The artificial saliva solution was
prepared as described in the Material and methods section.
Artificial saliva was diluted at a ratio of 1:20 in PBS based
on the optimization studies reported in our recent work
[32]. In that study, dilution ratios ranging from 1:5 to 1:50
were evaluated, and the 1:20 ratio was determined to be
optimal, providing the highest signal response and repro-
ducibility while effectively minimizing matrix interference.
Although the direct analysis of undiluted saliva is desirable
for practical POC applications, our preliminary investiga-
tions indicated that the use of undiluted samples resulted
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in poor reproducibility (high %RSD) and signal instability.
This is primarily due to the high viscosity of the matrix and
the rapid passivation of the electrode surface by salivary
proteins. Therefore, the 1:20 dilution step was essential to
minimize these matrix effects and ensure the reliability of
the assay. S1 protein was spiked into this matrix at varying
concentrations ranging from 1 fg/mL to 10 ng/mL. Aptamer-
immobilized and MWCNT-IL-modified electrodes were
immersed in these solutions to allow aptamer-target binding
at the electrode surface. The sensor response to increasing
S1 concentrations was evaluated using DPV in redox probe
solution (Fig. S6). To determine the LOD within the linear
range, S1 protein solutions were prepared in the concentra-
tion range of 10° to 10° fg/mL using 1:20 diluted artificial
saliva. Aptamer-immobilized electrodes were incubated in
these solutions and DPV measurements were conducted in
the redox probe solution. The resulting voltammograms and
calibration curve (mean current values, n = 3) are presented
in Fig. 5A and B. The calibration equation was determined
as: I/uA = -5.19 log (Cs; protein / f2 mL™ 1) + 78.96 with a
correlation coefficient of R* = 0.99. According to the [UPAC
method [54], the limit of detection was calculated as 0.16
fg/mL. Furthermore, the sensitivity of the biosensor in arti-
ficial saliva medium was determined by dividing the slope
of the calibration curve (5.19) by the effective surface area
of the electrode (0.2796 cm?), yielding a value of 18.56 pA
mL fg~ ! em™ 2. It is worth noting that the current response
obtained in artificial saliva (intercept: 78.96 pA) was com-
parable to that in the buffer medium (intercept: 81.94 pA),
showing only a minimal signal suppression. This high sig-
nal retention is attributed to the physicochemical properties
of the MWCNT-IL composite. The IL not only enhances
the electrical conductivity but also acts as an antifouling
interface, reducing the non-specific adsorption of salivary
proteins (e.g., mucins) that typically passivate the electrode
surface. Consequently, the electron transfer efficiency of the
redox probe is preserved even after incubation in the com-
plex saliva matrix.

The selectivity of the aptasensor was also assessed in
1:20 diluted artificial saliva using HA and MERS proteins
as potential interferents. These experiments were performed
at two concentrations (100 fg/mL and 1000 fg/mL), both
in the absence and presence of S1 protein. The results are
illustrated in Fig. 5C and D. In the absence of S1 protein, the
current responses were minimal: 0.01% for HA and 0.58%
for MERS at 100 fg/mL, and 0.57% for HA and 0.26% for
MERS at 1000 fg/mL. When co-incubated with S1 protein,
the relative signal responses at 100 fg/mL were 98.08% for
HA and 98.61% for MERS, while at 1000 fg/mL they were
99.98% and 99.87%, respectively. These percentages were
calculated by setting the response to 100 fg/mL and 1000 fg/
mL S1 protein as 100%. These findings demonstrate that
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Fig. 5 (A) Differential pulse voltammograms and (B) the correspond-
ing calibration curve obtained in the concentration range of 10°~10°
fg/mL in 1:20 artificial saliva medium using the developed aptasensor
for the detection of SARS-CoV-2 S1 protein. (C) and (D) Histograms

the developed aptasensor retains high selectivity for S1 pro-
tein even in a diluted artificial saliva matrix, indicating its
strong potential for practical application in real biological
fluids. To further confirm the statistical differences between
the S1 protein and other interfering agents such as HA and
MERS, Student’s ¢-test analysis was conducted based on the
results obtained from samples prepared in artificial saliva.
The analysis aimed to assess whether the average current
responses (n=3) of each group differed significantly, under
the assumption of equal variances across the sample sets. At
a 95% confidence level, the p-values obtained for 100 fg/
mL HA-S1 protein, 100 fg/mL. MERS-S1 protein, 1000 fg/
mL HA-S1 protein, and 1000 fg/mL. MERS-S1 protein
were 0.006, 0.008, 0.002, and 0.001, respectively. Since all
p-values were found to be below the statistical significance
threshold of 0.05, these results indicate that the differences
between the tested groups are statistically significant. Col-
lectively, the findings confirm that the aptamer specific to
the S1 protein exhibits a strong binding affinity toward its
target molecule. Moreover, the developed biosensor main-
tains high selectivity for the S1 protein even in a complex
biological matrix such as artificial saliva.

To further evaluate the applicability of the aptasensor,
recovery studies were conducted in 1:20 diluted artificial
saliva by spiking known concentrations of S1 protein (0.1,
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showing the selectivity results against HA and MERS at concentra-
tions of 100 fg/mL and 1000 fg/mL, respectively. DPV measurements
were performed in a 2.5 mM [Fe(CN)é]H 4~ redox probe solution

1, and 10 pg/mL). The recovery results are summarized in
Table S2. Recovery values ranged from 108% to 120%,
with relative standard deviation (%RSD) values below
6%. These results confirm that the developed aptasensor is
accurate, reproducible, and suitable for detection of SARS-
CoV-2 S1 protein in simulated saliva samples, highlighting
its potential for non-invasive diagnostics.

To demonstrate the point-of-care applicability of the
developed aptasensor, electrochemical measurements were
conducted using a portable potentiostat (GalvanoPlot). The
GalvanoPlot device was connected to a smartphone via a
Type-C interface, and electrochemical measurements were
performed using a standard three-electrode configuration. A
photograph of the experimental setup, illustrating the con-
nection between the smartphone and the portable potentiostat
during the measurement, is provided in Fig. S7. S1 protein
solutions in the range of 1 fg/mL to 10 ng/mL were prepared
in 1:20 diluted artificial saliva. Aptamer-immobilized and
MWCNT-IL composite-modified electrodes were immersed
in these solutions to facilitate aptamer—target interaction at
the electrode surface. DPV measurements were then carried
out in redox probe solution to evaluate the sensor response
to increasing analyte concentration (Fig. S8).

To determine the LOD within the linear response range,
S1 protein solutions were prepared at concentrations
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ranging from 10° to 10° fg/mL in 1:20 diluted artificial
saliva. Aptamer-immobilized electrodes were incubated in
these solutions, and subsequent DPV measurements were
performed using the smartphone-integrated portable poten-
tiostat. The resulting voltammograms and the calibration
curve based on average current responses (n = 3) are pre-
sented in Fig. S9. The calibration equation was determined
as: I/uA = -7.64 1og (Cs; proein / fg mL™ 1) + 107.06, with a
correlation coefficient of R? = 0.99. Based on the IUPAC
method [54], the limit of detection was calculated to be 0.83
fg/mL. Furthermore, the sensitivity of the biosensor in arti-
ficial saliva medium was determined by dividing the slope
of the calibration curve (7.64) by the effective surface area
of the electrode (0.2796 cm?), yielding a value of 27.32 pA
mL fg 'cm %

Conclusion

In this study, an aptamer-based electrochemical biosensor
was developed for the detection of SARS-CoV-2 S1 pro-
tein using a MWCNT-IL composite-modified electrode. To
the best of our knowledge, this represents the first electro-
chemical aptasensor reported for SARS-CoV-2 S1 protein
detection based on an MWCNT-IL composite platform.
The composite material was systematically characterized
and optimized, followed by the optimization of various
experimental parameters related to aptasensor construction
and operation. Under optimized conditions, the aptasensor
demonstrated a wide linear response range (1 fg/mL — 1 ng/
mL) in buffer, with an ultra-low limit of detection calculated
as 0.11 fg/mL. Selectivity studies confirmed that the apta-
sensor exhibited high specificity for the S1 protein in the
presence of potentially interfering proteins such as HA and
MERS. The practical applicability of the developed aptas-
ensor was successfully demonstrated in artificial saliva sam-
ples, where both sensitivity and selectivity were retained.
Compared to previously reported aptasensors for COVID-
19 detection [27, 28, 30, 31, 36, 37], the proposed sensor
achieved a lower detection limit over a broader concentra-
tion range. Taken together, these findings suggest that the
MWCNT-IL-based aptasensor offers a low-cost, portable,
and highly sensitive alternative for SARS-CoV-2 diagnos-
tics. In addition to its low detection limit and high specific-
ity, the sensor’s short analysis time and broad linear range
position it as a promising platform with strong potential
to complement or even surpass existing diagnostic meth-
ods for COVID-19. While the results obtained in artificial
saliva demonstrate the robust performance of the aptasensor
in a complex matrix, it is acknowledged that real clinical
samples may present additional challenges due to biological
variability and the presence of specific enzymes. Therefore,
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further clinical validation using nasopharyngeal swabs or
saliva samples from COVID-19 patients is planned as the
next stage of this research to fully establish the point-of-care
utility of the proposed device.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-026-07918-7.
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