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ABSTRACT: Small-cell lung cancer (SCLC) is an aggressive
malignancy characterized by rapid progression, early
metastasis, and poor prognosis. These features highlight the
urgent need for ultrasensitive and non-invasive diagnostic
methods. Pro-gastrin-releasing peptide (ProGRP) has
emerged as a highly specific biomarker for SCLC. However,
existing detection techniques are often limited by long assay
times and insufficient sensitivity. In this study, we developed a
new electrochemical aptasensor based on two-dimensional
high-entropy alloy nanosheets (HEANSs) for ultra-precise
detection of ProGRP. The HEANSs were synthesized via a
salt-templated method, which enabled precise control over
composition, enhanced catalytic activity due to Iattice ProGRP/Apt/HEANSs@PDA/GCE
distortion, and a uniform nanosheet morphology with high surface area. The HEANSs were functionalized with
polydopamine (PDA), thereby introducing a variety of reactive functional groups that improved biocompatibility and
markedly enhanced the efficiency of aptamer immobilization. This synergistic design achieved a broad linear detection
range from 10 pg/mL to 100 pg/mL, an ultra-low limit of detection (LOD) of 0.874 pg/mL (S/N = 3), and excellent
reproducibility with a relative standard deviation (RSD) of 1.78%. Moreover, the sensor retained 3.75% of its initial signal
after nine days of storage, demonstrating exceptional stability. This pioneering HEANSs@PDA-based aptasensor provides
a scalable and versatile platform for ultrasensitive biomarker detection, holding significant potential for early cancer
diagnosis, real-time clinical monitoring, and precision medicine applications.
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1 Introduction

Lung cancer (LC) remains a major global health burden,
representing one of the leading causes of cancer-related morbidity
and mortality worldwide. According to recent epidemiological
reports, LC accounts for approximately 12.4% of all newly
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diagnosed cancers and contributes to nearly 18.7% of global cancer-
related deaths, reflecting its aggressive nature and limited
therapeutic success rates. Clinically, LC is broadly classified into two
major histological subtypes: small-cell lung cancer (SCLC) and non-
small-cell lung cancer (NSCLC). NSCLC constitutes the
predominant form, accounting for ~ 85% of all cases, whereas
SCLC represents the remaining 15%. Despite its lower incidence,
SCLC is characterized by rapid tumor growth, early dissemination,
and poor prognosis, making it one of the most lethal malignancies.
The high recurrence rate, limited therapeutic options, and frequent
development of chemoresistance further underscore the urgent
need for early and precise diagnostic strategies tailored to SCLC
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management [1-3]. Despite its lower incidence, SCLC is an
aggressive malignancy characterized by rapid tumor growth, early
metastasis, and poor prognosis [4, 5]. Current therapeutic
approaches for SCLC, primarily comprising chemotherapy,
radiotherapy, and, in select cases, surgical resection, remain largely
palliative, offering only transient disease control. Although many
patients respond initially, resistance typically emerges rapidly,
leading to disease relapse and underscoring the critical need for new
and more effective therapeutic approaches [6—9]. Consequently,
early detection and continuous disease monitoring are essential for
improving survival outcomes. However, conventional diagnostic
methods, including histopathological and cytological evaluation of
tissue specimens, are invasive, challenging to perform repeatedly,
and often unsuitable for patients with compromised health
conditions [10, 11]. These limitations have driven growing interest
in liquid biopsy, a minimally invasive diagnostic strategy that
enables the detection of circulating tumor biomarkers, such as
DNA, RNA, and proteins from peripheral blood [12, 13]. Among
these serum biomarkers, ProGRP has gained prominence as a more
reliable and specific indicator for SCLC diagnosis. ProGRP is more
stable in peripheral circulation, correlates closely with treatment
response, and exhibits significantly elevated levels in patients with
extensive-stage disease [14—17]. Several methods, including enzyme-
linked immunosorbent assay  (ELISA) [18].  Liquid
chromatography-mass spectrometry (LC-MS) [19], and a
molecularly imprinted polymer (MIP)-based assay have been
developed for ProGRP detection. However, these conventional
techniques are often limited by high costs, long processing times,
and inadequate sensitivity. To overcome these challenges,
electrochemical biosensors have gained significant attention as a
promising diagnostic device, offering rapid detection, high
sensitivity, cost-effectiveness, and operational simplicity [20-22].
Aptamer-based  electrochemical ~ platforms  enhanced by
nanomaterial-driven signal amplification have emerged as highly
effective tools for sensitive biomarker detection [23-25]. Aptamers,
single-stranded oligonucleotides generated through systematic
evolution of ligands by exponential enrichment (SELEX), provide
high affinity, chemical stability, and ease of modification.
Compared to antibodies, aptamers are chemically synthesized, non-
immunogenic, and easily modified, displaying superior thermal
stability, making them highly suitable for biosensing applications
[26-29]. Advanced nanomaterials play a pivotal role in biosensor
development by offering high surface areas, superior electrical
conductivity, and versatile catalytic properties, collectively enabling
next-generation devices with enhanced sensitivity, selectivity, and
real-time diagnostic performance [30-35]. The rising demand for
high-performance sensing materials has increasingly drawn
attention to high-entropy alloys (HEAs), an emerging class of
multicomponent systems first formally introduced by Yeh et al. in
2004, due to their unique structural features and tunable
physicochemical properties [36]. HEAs consist of five or more
metallic elements in near-equimolar proportions, and their
inherently high configurational entropy promotes the stabilization
of single-phase solid solutions with unique structural and functional
advantages. Consequently, HEAs exhibit remarkable thermal
stability, strong corrosion resistance [37-39], and highly tunable
electronic structures, further enhancing their suitability for
advanced sensing and catalytic applications [40-42]. Owing to
these advantages, HEANSs have recently attracted considerable
attention for biosensing applications due to their large active surface
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area, abundant catalytic sites, and excellent electron-transfer
properties [43—47]. Despite these promising attributes, challenges
persist regarding the control of reactivity, colloidal stability, and
surface functionalization of HEANSs. To address these limitations,
PDA, a bioinspired polymer formed through the self-
polymerization of dopamine (DA), offers an effective strategy by
uniformly coating the nanosheets and introducing abundant
catechol and amine functional groups. These surface functionalities
enhance  dispersibility,  facilitate  efficient ~ biomolecule
immobilization, and improve biocompatibility, all while preserving
the intrinsic electrochemical performance of the HEANSs. The
resulting HEANSs@PDA form a hybrid material that combines the
catalytic and structural advantages of HEANSs with the bio-
interactive functional groups of PDA, offering new opportunities
for biosensing and biomedical applications [48-50].Various
approaches have been explored for HEA nanomaterial synthesis,
including solid-state reactions, ball milling, carbothermal shock,
solvothermal techniques, and co-precipitation, each offering distinct
advantages and limitations in terms of compositional control,
scalability, and structural uniformity, and these techniques require
high temperatures (> 900 °C) and specialized equipment, often
resulting in heterogeneous morphology and low surface area
[51-53]. To address these limitations, the salt-templated strategy
enabled the scalable fabrication of ultrathin HEANSs with uniform
morphology [54]. In this process, a mixture of metal salts is reduced
in a molten salt matrix under a controlled atmosphere, enabling
uniform nucleation, morphology control, and compositional
homogeneity while preventing particle aggregation. This approach
allows the scalable production of nanosheets and nanostructures
with high surface area, ideal for electrochemical and optical
biosensors. By combining salt-templated synthesis with
compositional engineering, HEANSs can be precisely tailored to
enhance biomolecule immobilization, sensitivity, and stability,
advancing their application in early disease diagnostics, clinical
monitoring, and environmental detection.

Herein, we developed an electrochemical aptasensor based on
HEANSs@PDA for the ultrasensitive detection of ProGRP, a
critical biomarker for SCLC. The salt-templated synthesis enabled
the production of uniform 2D HEANSs with abundant
electroactive sites, while PDA functionalization introduced
bioactive  groups that significantly improved aptamer
immobilization and biocompatibility. The resulting aptasensor
exhibits a broad linear detection range from 10 pg/mL to
100 pg/mL, an ultra-low LOD of 0.874 pg/mL (S/N = 3), and
outstanding precision, demonstrated by an RSD of 1.78%.
Furthermore, the sensor maintains excellent stability, retaining over
3.75% of its initial signal after nine days of storage (Scheme 1). This
work highlights the potential of high-entropy nanomaterials in
advanced biosensing applications and introduces a versatile
platform for the development of next-generation diagnostic devices.

2 Experimental section

21 Reagents

The chemicals, Ni(acac), (AR, > 99%), Cu(acac), (AR, > 98%),
Co(acac), (AR, = 98%-99%), Ir(acac), (AR, = 99%), and Fe(acac),
(AR, = 99%) were purchased from Tanfeng Tech. Co., Ltd. (China),
sodium chloride (NaCl, = 99.99%), potassium ferricyanide
(K5Fe(CN)g, 99%), and potassium ferrocyanide (K Fe(CN),3H,0, =
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Scheme 1 Schematic representation of the overall fabrication process, including the synthesis of HEANSs (a), their surface functionalization with PDA (b), and the
subsequent stepwise immobilization of the aptamer and ProGRP on the HEANSs@PDA/GCE (c).

98.5%) were purchased from Shanghai Macklin Biochemical Co.,
Ltd. (China). Phosphate buffer solution (PBS, 0.1 mmol, pH 7.4)
was bought from Sangon Biotech Co., Ltd. (China). Potassium
chloride (KCl, 99%) and ethanol (CH,CH,OH, 99%) were taken
from Beijing Chemical Plant (China). The modified NH,-aptamer
with the sequence of 5-NH,-GGTTGGTGTGGTTGG-3 was
designed and improved accordingly [55]. Carcinoembryonic
antigen (CEA), calprotectin (CP), prostate-specific antigen (PSA),
ProGRP 31-98, and Alpha-fetoprotein (AFP) were also obtained by
Sangon Biotechnology (China). The Milli-Q water purification
system was used for water in the whole experiment.

2.2 Experimental framework

Electrochemical tests were conducted using a conventional three-
electrode setup on a CHI 440 electrochemical workstation
(Shanghai CH Instruments Co., China). The working electrode
(WE) was a modified bare glassy carbon electrode (BGCE, 3 mm in
diameter), the counter electrode (CE) was a platinum wire, and the
reference electrode (RE) was an Ag/AgCl electrode. Scanning
electron microscopy equipped with energy dispersive X-ray
spectroscopy (SEM-EDS), transmission electron microscopy (TEM)

was performed using a JEOL JSM-6700F microscope, while high-
resolution transmission electron microscopy (HRTEM) analysis
was conducted using a JEOL JEM-2100F microscope. Atomic force
microscopy (AFM) measurements were conducted using a Bruker
Dimension Icon system in tapping mode. An X-ray photoelectron
spectroscopy (XPS) study was carried out by applying a PHI
Quantera SXM spectrometer. Fourier transform infrared (FT-IR)
spectroscopy analysis was performed using a Bruker FT-IR
spectrometer (Germany). Brunauer—-Emmett—Teller (BET) and X-
ray diffraction (XRD) analyses were carried out using a DX-2700
diffractometer.

2.3 Fabrication of HEANSs

The synthesis of HEANSs by using the salt-templating method
involves a two-step process comprising high-temperature annealing
and subsequent salt removal. In a typical synthesis, 0.6 mmol of
each metal precursor Fe(acac),, Co(acac),, Cu(acac),, Ni(acac),, and
Ir(acac), was dissolved in 60 mL of ethanol under magnetic stirring
for 30 min to form a homogeneous solution. Subsequently, 60 g of
NaCl powder was added, and the mixture was stirred vigorously for
48 h at room temperature to ensure a uniform dispersion. The
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resulting mixture was dried at 60 °C and finely ground using a
mortar and pestle. The powder was then subjected to annealing at
800 °C for 2 h under a nitrogen (N,) atmosphere. Finally, the
annealed product was thoroughly washed with deionised (DI)
water to remove the NaCl template, yielding ultra-thin HEANSs
completely. The Fe, Co, Cu, Ni, and Ir elements were selected due
to their complementary catalytic activity, redox properties, and
electronic conductivity, which collectively support high sensitivity
and selectivity in biosensing. Their integration into an HEA matrix
generates strong multicomponent synergy, resulting in enhanced
surface reactivity, structural stability, and electrochemical
performance. The inherent lattice distortion and compositional
complexity of HEANSs further increase active site density and
durability, making them highly suitable for advanced sensing
applications [56—59].

2.4 Modification of HEANSs with PDA

The surface of HEANSs was functionalized first time with PDA
coating through PDA under alkaline conditions. Briefly, HEANSs
(10 mg) were dispersed in 50 mL of Tris-HCI buffer solution
(10 mM, pH 8.5) via ultrasonication for 30 min to achieve a stable
suspension. Dopamine hydrochloride (CgH,,CINO,, 20 mg) was
then added to the dispersion, and the mixture was gently stirred at
room temperature for 12 h, allowing PDA to undergo oxidative self-
polymerization and deposit as a thin PDA layer on the nanosheet
surfaces. The resulting HEANSs@PDA were collected by
centrifugation, thoroughly washed several times with DI water and
ethanol to remove excess DA and by-products, and dried under
vacuum for subsequent characterization and application.

2.5 Fabrication of HEANSs@PDA based sensor

Before modification, the GCE was consecutively washed with
alumina slurries of 0.1, 0.3, and 0.5 um on a cleaning pad to
confirm a mirror-like clean surface. These electrodes were carefully
cleaned with a solution of DI water and ethanol, followed by
ultrasonication for five min to remove any residual particulates.
After washing, the electrodes were dried under a gentle stream of
N, gas. Then, 8 pL of the suspension of HEANSs@PDA was
carefully poured dropwise onto its surface and allowed to dry at
room temperature to form HEANSs@PDA/GCE. Subsequently,
9 uL of an aptamer solution (3.5 uM in 0.1 mM PBS, pH 7.4) was
deposited on the modified electrode surface and incubated for
45 min at room temperature, resulting in the formation of
Apt/HEANSs@PDA/GCE probe. The modified electrode was
rinsed gently with PBS to remove any non-specifically adsorbed
aptamer molecules. The fabricated aptasensor was stored at 4 °C
until use. For target detection, 20 pL of ProGRP solution
(10 ng/mL) was introduced to the surface of the probe, then
incubated for 40 min, allowing specific aptamer—protein binding.

2.6 Electrochemical analysis

The aptasensor was characterized after each functionalization step
by cyclic voltammetry (CV), differential pulse voltammetry (DPV),
and electrochemical impedance spectroscopy (EIS). All tests were
performed in 5 mM [Fe(CN)¢]*™ containing 0.1 M KCL. CV was
recorded between —0.1 and 0.7 V at 100 mV/s, DPV between —0.1
and 0.7 V, and EIS at an open-circuit potential (OCP) of 0.27 V
over a frequency range of 10° to 10° Hz (amplitude 5 mV). Specific
ProGRP binding was indicated by a reduced peak current and
increased charge-transfer resistance, demonstrating hindered
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electron and mass transfer after the biomarker bound. To the best
of our knowledge, this work is the first to pioneer the use of
HEANSs@PDA as an innovative platform for highly sensitive and
reliable electrochemical detection of ProGRP, offering a ground-
breaking pathway for early diagnosis and clinical monitoring.

3 Results and discussion

3.1 Characterization of the HEANSs@PDA sensor

The morphology, elemental distribution, and surface characteristics
of HEANSs were thoroughly analyzed using SEM-EDS, TEM,
HRTEM-EDS, and AFM. SEM analysis (Fig. 1(a)) revealed the
surface morphology and particle distribution, while the
corresponding SEM-EDS mapping (Fig. S1 in the Eletronic
Supplementary Material (ESM)) confirmed the elemental
composition. The material displayed a well-defined sheet-like
architecture, indicative of the successful fabrication of porous
nanosheets. The TEM image (Fig. 1(b)) reveals ultrathin nanosheets
with a well-defined layered architecture, indicative of nanoscale
thickness and structural uniformity. The smooth surface
morphology, accompanied by regions of darker contrast, can be
attributed to local variations in thickness or mass density. HRTEM-
EDS elemental mapping analysis, showing the homogeneous
distribution of multiple metal elements (Cu, Fe, Co, Ni, and Ir)
throughout the nanosheets (Fig. 1(c)). Each element is uniformly
dispersed, which is a key feature of multicomponent or high-
entropy materials, ensuring consistent electronic and catalytic
properties. The EDS survey analysis, along with its corresponding
quantitative analysis of elemental composition (Figs. 1(d) and 1(e)),
which contains Cu (65.7 wt.%), Fe (11.1 wt.%), Co (8.6 wt.%), Ni
(81 wt%), and Ir (6.5 wt%), confirming the successful
incorporation of all five elements in near-equimolar proportions
and demonstrating that each element is evenly distributed across
the nanosheet matrix. The uniform elemental distribution and high-
resolution peaks indicate successful synthesis of HEANSs. An AFM
image offering high-resolution characterization of surface
topography (Figs. 1(f) and 1(g)). The nanosheets exhibit an
ultrathin structure with lateral dimensions of approximately 3.7 +
0.7 nm. These ultrathin characteristics of nanosheets are beneficial
for increasing active surface sites. Nitrogen adsorption—desorption
(BET) analysis at 77 K (Fig. 1(g)) displays a substantial
improvement in the textural properties of the HEANSs after NaCl
removal. Before the removal of NaCl (CuFeCoNilr-NaCl), the
material exhibits a low surface area (48.2 m’/g), minimal pore
volume (0.052 cc/g), and a relatively large average pore diameter
(274 nm), indicating obstructed or insufficiently developed
porosity. Upon removal of NaCl, (CuFeCoNilr), the surface area
increases sharply to 259.97 m’/g, accompanied by a significant rise
in pore volume to 0.64 cc/g and a slight decrease in pore diameter
to 2.19 nm, confirming the formation of a well-developed porous
structure. This transformation indicates the development of a well-
defined mesoporous structure with abundant accessible active sites.
The significant increase in surface area and porosity is attributed to
the salt-templating synthesis strategy, where NaCl acts as a
removable scaffold to support the formation of ultra-thin 2D
nanosheets. Upon removal, the exposed nanosheet architecture
provides a high density of mesopores, improving surface
accessibility and mass transport pathways, which are critical for
catalytic and electrochemical applications. Thus, this study
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Figure1 SEM image (a), TEM image (b), HRTEM-EDS images (c)-(e), AFM image (f) and (g), BET curves (h), and FT-IR spectra (i) analyses provide complementary
insights into the morphology, elemental distribution, surface topography, porosity, and successful incorporation of PDA within HEANSs.

highlights that NaCl-assisted synthesis followed by template
removal is a highly effective approach for tailoring the textural
properties of HEANSs. FT-IR spectroscopy was employed to
investigate the surface modification of HEANSs before and after
PDA functionalization. The FT-IR analysis of pristine HEANSs
exhibits no significant broad transmittance peaks, indicating
minimal organic species attached to the nanosheet surfaces
(Fig. 1(i), curve (1)). In contrast, after PDA functionalization,
multiple characteristic absorption bands appear in the
HEANSs@PDA spectrum (Fig. 1(i), curve (2)). Notably, peaks
observed in the ~ 1100-1300 cm™ range correspond to C=0 and
C-N stretching vibrations, the peaks appearing at ~ 1500-1600 cm™
are attributed to C=C and N-H vibrations, and the broad band
around ~ 3300-3500 cm™ is associated with O-H and N-H
stretching groups. The emergence of these additional peaks
confirms the successful PDA modification on the surface of
HEANSs, which introduces abundant functional groups and
enhances surface activity, thereby enabling aptamer immobilization
for biosensing applications.

The XPS was employed to investigate the elemental composition
of HEANSs@PDA, thereby confirming the successful fabrication
and surface functionalization of HEANSs. The survey spectrum
(Fig. 2(a)) clearly reveals the presence of Co, Ir, Fe, Cu, Ni, O, N,
and C, demonstrating the incorporation of all constituent elements
and their uniform distribution across the nanosheets. The well-
defined peaks and distinct satellite feature further suggest strong
electronic interactions within the HEA matrix. High-resolution
spectra of individual elements provided detailed insights into their
chemical states. The Co 2p spectrum (Fig. 2(b)) exhibited two
characteristic peaks at ~ 780 (Co 2ps,) and ~ 795 eV (Co 2p,s),
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consistent with Co species in the alloy. The Ir 4f region (Fig. 2(c))
displayed peaks at ~ 61.5 (Ir 4f,;) and ~ 645 eV (Ir 4f;),),
confirming the presence of metallic Ir. For Fe (Fig. 2(d)), peaks at
~ 7108 (Fe 2p;,) and ~ 7245 eV (Fe 2p,,) indicated the
coexistence of Fe’* and Fe™ states, suggesting surface heterogeneity
and the potential for enhanced catalytic activity. Similarly, the Cu
2p spectrum (Fig. 2(e)) showed a main peak at ~ 932.5 eV (Cu
2ps;) and a corresponding peak at ~ 9525 eV (Cu 2py,),
confirming the coexistence of Cu* and Cu™ species. The Ni 2p
spectrum (Fig. 2(f)) revealed peaks at ~ 855.5 (Ni2p,,) and ~ 873.2 eV
(Ni 2p,,), attributed to Ni**, along with higher-energy components
corresponding to Ni*. The non-metallic components further
confirmed successful PDA functionalization. The O 1s spectrum
(Fig. 2(g)) was deconvoluted into peaks at ~ 533.5 (-OH),
5322 (C-0), and 531.0 eV (C=0), originating from catechol and
quinone moieties in PDA. The N 1s spectrum (Fig. 2(h)) exhibited
signals at ~ 400.3 (C-N), 399.3 (C-NH,), and a minor peak near ~
401.5 eV (-NH-), consistent with the nitrogen-rich structure of
PDA. Meanwhile, the C 1s spectrum (Fig. 2(i)) showed dominant
peaks at 284.8 (C-C/C=C), 2862 (C-N/C-0O), and 288.1 eV
(C=0), reflecting the aromatic polymer backbone derived from
dopamine. Altogether, the XPS results confirm that the HEANSs
are composed of multiple transition metals with mixed oxidation
states, while the surface is successfully incorporated with PDA. The
abundant oxygen- and nitrogen-containing functional groups
introduced by PDA enhance hydrophilicity, colloidal stability, and
surface reactivity, rendering HEANSs@PDA well suited for
biosensing applications.

The electrochemical aptasensor was systematically characterized
by EIS, DPV, and CV measurements in 5 mM [Fe(CN)¢]*"* and
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Figure2 The XPS survey spectrum (a), along with high-resolution spectra of Co 2p (b), Ir 4f (c), Fe 2p (d), Cu 2p (e), Ni 2p (f), O 1s (g), N s (h), and C 1s (i), confirms
the elemental composition and validates the successful PDA modification of the HEANSs surface.

0.1 M KCl. The BGCE displayed a pair of well-defined and
reversible redox peaks corresponding to the [Fe(CN)¢]** redox
couple (Fig. 3(a), curve (2)). Following the modification of GCE
with HEANSs@PDA, a pronounced enhancement in the redox
current was observed (Fig. 3(a), curve (1)). This increase in peak
current highlights the excellent electrical conductivity of the
nanostructure and verifies its successful deposition on the electrode
surface, thereby facilitating efficient charge transport and
accelerated electron transfer kinetics. The HEANSs served as a
highly conductive and stable platform, while the PDA coating
provided a conformal, adhesive layer enriched with abundant
functional groups, enhancing interfacial electron mobility and
offering versatile sites for efficient biomolecule binding. The
modification of aptamer on the surface of HEANSs@PDA/GCE
(Fig. 3(a), curve (3)) caused a measurable reduction in peak current,
attributed to the inherently low conductivity of nucleic acids, which
impedes charge transfer, and this process of bonding takes place by
several interaction mechanisms, including (i) electrostatic attraction
between positively charged surface groups of PDA-modified
HEANSs and the negatively charged phosphate backbone of the
aptamer, and (i) hydrogen bonding between PDA’s catechol/
quinone groups and nucleobase functionalities. The highly porous
structure of HEANSs@PDA provided a high density of reactive
binding sites, enabling stable and uniform aptamer anchoring.
Finally, exposure to ProGRP (10 ng/mL) resulted in an additional
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current drop (Fig. 3(a), curve (4)), confirming target binding, as the
formation of a protein layer at the electrode interface further
restricted electron transfer. EIS was used to probe interfacial charge
transfer at each modification step. The Nyquist plots revealed a
semi-circular region at high frequencies, representing charge
transfer resistance (R,), and a linear region at low frequencies,
corresponding to  diffusion-controlled processes. Impedance
measurements were conducted at an OCP of 0.27 mV to ensure
equilibrium conditions. An equivalent circuit model comprising
solution resistance (R,), double-layer capacitance (Cy), and R, was
employed. Notably, an ideal capacitor was used in place of a
constant phase element (CPE), owing to the high uniformity and
low surface heterogeneity of the PDA-coated HEANSs electrode,
which produced smooth semi-circular profiles. The R, of
HEANSs@PDA/GCE (479.5 Q, Fig. 3(b), curve (1)) was
significantly lower than that of bare GCE (645.6 Q, Fig. 3(b), curve
(2)), underscoring the excellent conductivity of the nanocomposite.
Immobilization of the aptamer raised Ret to 9383 Q (Fig. 3(b),
curve (3)). After ProGRP binding, R reached 1965.2 Q (Fig. 3(b),
curve (4)), demonstrating successful sensor assembly and sensitive
detection capability.

This progressive R, increase aligns with Ohmic principles, as
successive biomolecular layers hinder charge transfer, confirming
efficient stepwise fabrication. The redox-active nature of HEANSs@
PDA facilitated superior electron mobility, enabling rapid signal
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Figure3 CV (a) and EIS Nyquist plots (b) for sequential electrode modification steps, (1) HEANSs@PDA/GCE, (2) BGCE, (3) Apt/HEANSs@PDA/GCE, and (4)
ProGRP/Apt/HEANSs@PDA/GCE, along with CV responses of Apt/HEANSs@PDA/GCE at varying scan rates (c) and the corresponding linear relationship between
redox peak currents and the square root of scan rate (d), confirming diffusion-controlled electron transfer in 0.10 M KCl with 5 mM [Fe(CN)¢]***.

transduction during biomarker recognition. CV studies further
supported the electrochemical properties of the sensor. The anodic
and cathodic peak currents (i,, and i,) increased linearly with the
square root of the scan rate (10-100 mV/s), confirming a diffusion-
controlled electrochemical process (Fig. 3(c)). The i,/i, ratio
remained close to unity, confirming highly reversible redox
behavior on the aptamer-functionalized surface (Fig. 3(d)). This
synergy between conductive, catalytic HEANSs and recognition-
enhancing PDA yields a robust and efficient aptasensor for ProGRP
detection.

3.2 Optimization analysis of the fabricated aptasensor

To achieve maximum sensitivity, low background current, and
reliable detection limits, the fabrication parameters of the
electrochemical aptasensor were systematically optimized using
DPV measurements (Fig. S2 in the ESM). Key optimization factors
included the aptamer immobilization concentration, aptamer
incubation time, and target biomarker (ProGRP) incubation time.

3.2.1 Determination of optimal aptamer concentration

HEANSs@PDA/GCE electrodes were incubated with varying
concentrations of the ProGRP-specific aptamer (1.0-4.5 uM) for a
fixed incubation period to evaluate the effect of aptamer loading on
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electrochemical response. As shown in Fig. 4(a), the DPV signal
progressively decreased with increasing aptamer concentration due
to the negatively charged phosphate backbone of the aptamer,
which introduced significant electrostatic repulsion and steric
hindrance to the redox probe ([Fe(CN)¢]>"*), thereby impeding
electron transfer at the electrode surface. A plateau was observed
beyond 3.5 uM, suggesting surface saturation. Concentration lower
than 3.5 uM left unoccupied binding sites, reducing recognition
efficiency, whereas concentrations above 3.5 uM added minimal
performance gains but increased nonspecific adsorption, leading to
background noise. Therefore, 3.5 (M was selected as the optimal
aptamer concentration for sensor assembly.

3.2.2 Optimization of aptamer immobilization time

The effect of immobilization of aptamer time was examined by
modified HEANSs@PDA/GCE in a 3.5 uM aptamer solution for
5-45 min. The DPV current gradually decreased with increased
immobilization time due to denser aptamer coverage, which
hindered charge transport (Fig. 4(b)). After approximately 35 min,
the current stabilized, indicating surface saturation and strong
aptamer binding. Thus, 35 min was determined as the optimal
aptamer immobilization time, balancing high coverage and
minimized signal suppression.
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effective electrode surface area (d) on the modification of the fabricated aptasensor.

3.2.3 Effect of ProGRP incubation time

To optimize target recognition, Apt/HEANSs@PDA/GCE
electrodes were incubated with 10 ng/mL ProGRP (ProGRP/Apt/
HEANSs@PDA/GCE) solutions for varying times (5-45 min). A
notable reduction in current response was observed up to ~ 40 min
(Fig. 4(c)), attributed to complete target aptamer binding and
subsequent blocking of electron transfer pathways. Prolonged
incubation yielded negligible changes, confirming equilibrium
binding. Therefore, 40 min was selected as the optimal ProGRP
incubation time for sensitive detection.

3.24 Effective surface area of electrodes

The effective surface area of each electrode was determined using
the Randles-Sevcik equation, confirming successful stepwise sensor
fabrication (Fig. 4(d)). The bare GCE exhibited a small surface area
of 0.075 e, consistent with its smooth, unmodified surface. After
modification with HEANSs@PDA/GCE, the surface area increased
significantly to 0.105 c’, attributed to the mesoporous, ultrathin
structure surface of HEANSs@PDA, which provides abundant
electroactive sites and improved surface roughness. Subsequent
aptamer immobilization (Apt/HEANSs@PDA/GCE) reduced the
surface area to 0.065 cm’, reflecting the formation of a dense, non-
conductive biomolecular layer that partially blocked electron
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transfer.  Finally, ProGRP binding (ProGRP/Apt/HEANSs
@PDA/GCE) further decreased the effective surface area to
0.050 cn’, demonstrating successful target capture and confirming
the aptasensor’s stepwise assembly. This progressive trend
highlights the role of HEANSs in enhancing electroactivity, PDA in
providing functional anchoring sites for aptamer immobilization,
and ProGRP binding in achieving high selectivity and sensitivity.

3.3 Reproducibility, stability, and selectivity analysis of
sensor

To assess the reproducibility of the fabricated aptasensor (Fig. S3 in
the ESM), five independently prepared electrodes were evaluated
under optimized conditions for the detection of ProGRP at a
concentration of 10 ng/mL (Fig. 5(a)). The recorded peak current
responses exhibited an RSD of 1.78%, highlighting the excellent
fabrication consistency and reliability of the sensor design. The
stability of the aptasensor was further validated by storing the
electrodes at 4 °C for nine days and re-evaluating their
electrochemical response under identical conditions (Fig. 5(b)). A
marginal signal decrease of only 3.752% compared to the initial
measurements demonstrated that the aptasensor maintained its
performance over prolonged storage, confirming its robust stability.

The selectivity of the sensor was rigorously investigated by
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monitoring its response in the presence of potentially interfering
biomarkers, including AFP (200 ng/mL), PSA (200 ng/mL), CEA
(200 ng/mL), CP (200 ng/mL), and 10 ng/mL of ProGRP (Fig. 5(c)).
A control experiment using a mixture of these interfering proteins
was also performed to ensure a rigorous evaluation (200 ng/mL of
AFP, PSA, CEA, CP, and 10 ng/mL of ProGRP). The current
response to ProGRP remained significantly distinguishable and
nearly unaffected by the presence of high concentrations of other
biomolecules, underscoring the aptasensor’s high specificity. The
selectivity of the aptasensor is primarily governed by the strong
binding affinity between the aptamer and ProGRP, further
enhanced by the large surface area and superior electrical
conductivity of the HEANSs@PDA nanostructure. Additionally,
the functional groups introduced through PDA coating provide a
biocompatible interface that promotes robust and stable
immobilization of the aptamer, thereby improving recognition
specificity. These synergistic features enable ultrasensitive and
reliable ProGRP detection in complex biological matrices,
underscoring its potential for early cancer diagnostics.

34 Electrochemical sensing of ProGRP in serum samples

Accurate analysis of human serum samples is critical for evaluating
the performance of electrochemical biosensors. To assess the
practical applicability of the proposed electrochemical aptasensor,
the ProGRP concentration in an untreated human serum sample
was initially quantified as 0.25 ng/mL using a standard ELISA assay.
Subsequently, the standard addition method was employed to
determine the recovery efficiency of ProGRP in serum samples
spiked with known concentrations (Table S1 in the ESM). The
calculated recovery rates ranged from 96.8% to 98.0%, confirming
the high accuracy of the developed sensor. Additionally, the RSD
values, ranging from 24% to 3.2%, demonstrate excellent
reproducibility and precision. These findings highlight the
aptasensor’s exceptional analytical performance, demonstrating
high sensitivity, strong selectivity, robust stability, and reliable
reproducibility, thereby supporting its potential for clinical
diagnostic uses.

3.5 Sensing efficiency of the sensor

The fabricated electrochemical aptasensor was employed to
quantify ProGRP under optimized conditions. As shown in Fig. 6(a),
the DPV responses showed a progressive decrease in peak current
as the ProGRP concentration increased from 10 pg/mL to
100 pg/mL. This attenuation in the DPV signal is attributed to the
surface-blocking effect, whereby the specific binding of ProGRP to
its immobilized aptamer forms a steric barrier on the electrode
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surface. The resulting biorecognition layer obstructs the access of
the redox probe to the electrode interface, impeding its diffusion
and thereby suppressing electron-transfer kinetics

a strong linear correlation between the peak current and the
logarithm of ProGRP concentration was obtained (Fig. 6(b)),
yielding the regression equation: Y = (27.177 + 1.153) + (6.625 +
0.216) x X, with an excellent correlation coefficient (R* = 0.9925),
confirming high linearity across the tested range. The calculated
LOD was 0.874 pg/mL (S/N = 3), indicating the sensor's superior
sensitivity. The remarkable sensing performance can be attributed
to the unique characteristics of HEANSs@PDA. The multimetallic
synergy of HEANSs provides high electrical conductivity, rapid
electron-transfer kinetics, and abundant electroactive sites, while
their mesoporous nanosheet morphology exposes a large accessible
surface for biomolecular interactions. PDA functionalization
further contributes by offering dense functional groups that
enhance aptamer immobilization, improve biocompatibility, and
increase antifouling properties. This dual functionality ensures both
high sensitivity and superior selectivity. The detection mechanism
relies on the specific aptamer—ProGRP interaction. In the absence
of ProGRP, the redox probe readily accesses the HEANSs@PDA-
modified electrode, producing a high current response owing to the
excellent conductivity of the material. The binding of ProGRP
forms bulky aptamer-target complexes that hinder electron
transfer, leading to a concentration-dependent decrease in current.
The HEANSs@PDA hybrid thus enables ultrasensitive ProGRP
detection and highlights HEANSs-based nanostructures as versatile
platforms for next-generation electrochemical biosensing and
precision diagnostics. The comparative study is given (Table S2 in
the ESM).

3.6 Control analysis and stability of the sensor

To confirm the specificity and biorecognition efficiency of the
HEANSs@PDA-based electrochemical aptasensor for ProGRP
detection, a series of control experiments was carried out using CV
(Fig. S4 in the ESM). First, the GCE was modified with
HEANSs@PDA (Fig. S4(a), curve (1) in the ESM). The 20 pL of
BSA (0.02%) were deposited drop-wise on HEANSs@PDA/GCE,
producing the BSA/HEANSs@PDA/GCE (Fig. S4(a), curve (2) in
the ESM). To investigate whether ProGRP could directly adsorb to
the electrode surface without aptamer functionalization, 20 pL of
ProGRP solution (10 ng/mL) was introduced to the BSA/HEANSs
@PDA/GCE, forming ProGRP/BSA/HEANSs@PDA/GCE. The
CV response (Fig. S4(a), curve (3) in the ESM) showed a negligible
change in current density, indicating minimal nonspecific
adsorption of ProGRP. After that aptamer functionalization, 8 pL of
a (3.5 uM) aptamer was drop-cast onto the HEANSs@PDA/GCE
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Figure6 DPV responses of the Apt/HEANSs@PDA/GCE aptasensor toward varying ProGRP concentrations (a) and the corresponding calibration curve illustrating the

sensor’s quantitative detection performance (b).

surface to form Apt/HEANSs@PDA/GCE and analyzed, and a
noticeable decrease in peak current was observed (Fig. S4(a), curve
(4) in the ESM), attributed to the negatively charged aptamer
hindering electron transfer. Finally, to evaluate target recognition,
20 uL of ProGRP (10 ng/mL) was incubated on the
Apt/HEANSs@PDA/GCE, followed by a further decline in current
density, confirming specific ProGRP binding to the immobilized
aptamer-based modified electrode (Fig. S4(a), curve (5) in the
ESM). These findings demonstrate that ProGRP binding in the
absence of an aptamer does not significantly alter the
electrochemical response, whereas aptamer functionalization
enables highly specific target recognition, validating the strong
specificity and reliable biorecognition performance of the developed
aptasensor. The stability of the electrochemical biosensor was
evaluated by CV over 50 cycles (Fig. S4(b) in the ESM). The nearly
identical responses observed in the first (1*) (Fig. S4(b), curve (1) in
the ESM) and fiftieth (50*) cycle (Fig. S4(b), curve (2) in the ESM)
confirm the excellent stability of the fabricated sensor.

4 Conclusion

In conclusion, we developed a highly sensitive and selective
electrochemical aptasensor based on HEANSs@PDA for the
detection of ProGRP, a critical biomarker for SCLC. HEANSs were
synthesized using a salt-templating approach, yielding ultrathin 2D
nanosheets with abundant electroactive sites. In addition, PDA
modification introduced dense functional groups that enhanced
biocompatibility and improved aptamer immobilization efficiency.
The multimetallic composition further exploits lattice distortion
and synergistic effects to achieve superior catalytic activity, rapid
electron transfer, and robust chemical stability. The resulting
aptasensor demonstrated an ultra-low LOD of 0.874 pg/mL, a
broad linear range of 10 pg/mL to 100 pug/mL, and excellent RSD
1.78% and stability, retaining over 3.75% of its initial signal after
nine days. Furthermore, it exhibited remarkable selectivity against
potential interfering biomarkers and achieved high recovery rates in
human serum samples (96.8%-98.0%), underscoring its practical
clinical applicability. This work not only represents the first
integration of HEANSs@PDA based aptamer immobilization for
ProGRP detection but also introduces a versatile, scalable, and high-
performance platform, highlighting the unique multimetallic
synergy of 2D HEANSs for next-generation, ultrasensitive cancer
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diagnostics and precision medicine applications.

Electronic Supplementary Material: Supplementary material
(SEM-EDS mapping; DPV analysis of optimization study,
including  reproducibility,  stability,  selectivity, =~ Aptamer
concentration, aptamer incubation time, and ProGRP incubation
time; CV study for the control experiments and stability; the
analysis table in diluted human serum samples demonstrated high
accuracy and reproducibility; a comparative analysis and references
are included) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908352.
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