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Breast cancer continues to be a severe global health issue, emphasizing the critical need for accurate 
and timely detection and screening of large numbers of patients. This ailment places an enormous 
strain on healthcare resources and poses severe mortality risks for women globally if not addressed 
promptly. Conventional diagnostic techniques face obstacles such as expensive apparatus, intricate 
procedures, and long duration in stratification. Therefore, the development of point-of-care (PoC) 
devices that enable early detection of breast cancer is of utmost importance. This research article 
focuses on the development of an electrochemical based aptasensor for the detection of Human 
Epidermal Growth Factor Receptor 2 (HER-2) using the novel nanohybrid substrate material, which 
consists of a 3D Zinc Oxide Tetrapods (ZnOT) and Potassium Perylene Tetra Carboxylate (K4PTC). The 
analytical performance of the bio-nanoelectrode for detecting HER-2 was assessed using Square Wave 
Voltammetry (SWV) analysis. The developed nano-biosensor exhibited linear response in the range 
from 1 fg/mL – 10 µg/mL, and the overall limit of detection and sensitivity of the developed sensor is 
observed around 0.58 fg/mL and 2.08 µA/fg/mL/mm2, respectively. The shelf life of the sensor substrate 
is above one month in normal storage conditions. This study offers a base for the development of 
an efficient and sensitive breast cancer biomarker sensing platform, which has the potential to be 
implemented at a low cost for society and perform screening testing for breast cancer management in 
rural areas.
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Breast cancer is the most common category of cancer and the second leading root of mortality among the female 
populace. An estimated 2.1 to 2.3 million women worldwide are affected by it annually1. There were 1 million 
deaths globally, it is projected that the number of breast cancer cases is projected to increase by many times 
2025 2. HER-2 is a common biomarker for breast cancer. It is overexpressed in 20–30% of breast cancer cells and 
has emerged as an essential biomarker for guiding therapeutic decisions in breast cancer patients3,4. Therefore, 
timely and accurate detection of breast cancer, especially in cases containing HER-2 overexpression, is crucial 
for adopting efficient therapeutic strategies.

Primary screening is important for valuable treatment of breast cancer which may result in improved survival 
rates. Several methods, such as mammography, sonography, thermography, positron emission tomography 
(PET), molecular breast imaging, magnetic resonance imaging (MRI, biopsy, and computed tomography 
(CT) scans, are utilized for breast cancer screening5–7. Traditional methods for HER-2 detections contain 
enzyme-linked immunosorbent assays, radioimmunoassays, electrochemical immunoassays, and colorimetric 
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immunoassays8 these tests are recommended for patients exhibiting signs of cancer, typically at the later stages 
on the disease onset, where recovery becomes more challenging. Furthermore, conventional techniques, require 
complex handling and expert operating personal for analysing the data and sample. Furthermore, the poor 
availability of these facilities and related high cost makes it difficult to bear for low socio-economic countries. 
These hurdles, emphasizing the need to develop alternative methods capable of mitigating these limitations 
and provide efficient solutions for early diagnosis of cancer. Enhancing the accessibility and efficacy of HER-2 
determination necessitates a more streamlined, screening for female population. The patients with breast cancer 
show elevated concentrations of HER-2 in their blood, ranging from 15 ng/mL to 75 ng/mL, in direct contrast 
to the levels observed in healthy individuals, usually between 2 ng/mL and < 15 ng/mL9. Electroanalytical 
transduction application in biosensors has garnered significant attention due to several advantageous properties 
like cost-effectiveness sensitivity, and efficient miniaturization for appropriate point-of-care services10–15.

The integration of appropriate nanomaterials enhances the electroanalytical characteristics when used as 
bioelectrode modifiers to develop electrochemical biosensors. The benefits of using nanomaterials include an 
increased surface-to-volume ratio, which leads to better receptor immobilization, and quantum confinement 
effects, which contribute to enhanced electronic conductivity or signal amplification16,17. The fabrication of 
electrochemical biosensors and bioelectrodes involves precise engineering to ensure optimal performance, 
integrating advanced materials with innovative design techniques. In comparison to 0D, 1D, and 2D 
nanomaterials, which have simpler morphologies, 3D nanostructures typically combine various nanoscale 
features within a single structure. These 3D nanomaterials offer a highly electroactive surface area, making them 
more effective at targeting analytes of interest, amplifying signals, and performing efficient biosensing18.

ZnO nanostructures have been successfully synthesized in the 3D tetrapodal morphology, offering a versatile 
platform for multipurpose applications19,20. A study reported by Sulciute et al. highlighted the higher charge 
transfer kinetics at ZnO tetrapodal (ZnOT) surfaces in comparison with dots and ribbons morphology21. This 
development was assigned to reduced carrier scattering events, resulting from fewer interfaces at interparticle 
junctions. Additionally, the 3D morphology of ZnOTs offers an elevated active surface area, allowing efficient 
surface functionalization, improved electrochemical capacitance, and better electron transfer kinetics22,23. 
Potassium perylene-3, 4, 9, 10-tetracarboxylate potassium salt (K4PTC) has gained particular interest due to 
its high solubility in water and solution processability. It is observed that the carboxylate groups present in 
K4PTC enhance the electrochemical activity by several folds. The electrochemical oxidation of R-COO groups, 
commonly known as the Kolbe reaction, is one of the most well-known and primary electro-organic reactions)24.

 During the past two decades, aptamers have been evaluated against different targets25. In principle, aptamers 
with high specificity and affinity can be chosen in vitro for any target, including tiny molecules, peptides, proteins, 
and complete organisms26. This comprehensive target identification ability makes them promising probes 
capable of competing with biomolecules to detect various diagnostically significant analytes. Biosensors that, 
combined with aptamers, provide a competitive edge over those that rely on natural receptors like antibodies, 
enzymes, and peptides27. The characteristic properties of HER-2 make it suitable biomarker. It is a 185 kDa 
transmembrane receptor that belongs to the tyrosine kinase family, specifically within the epidermal growth 
factor receptor group. It is present in a variety of tissues, including epithelial, mesenchymal, and neuronal 
cells, where it responds to signals promoting cell growth. Normally, the activation of HER-2 is regulated by 
the presence of its ligands, which are part of the epidermal growth factor family. However, when HER-2 is 
overexpressed, it leads to continuous activation of growth signals, a major cause in the development of breast 
cancer. Due to this, HER-2 serves as a crucial biomarker for diagnosing and predicting early-stage breast cancer 
outcomes, contributing to improved survival rates and treatment success in patients28.

In this work, ZnO tetrapod-K4PTC (ZnOT-K4PTC) nanohybrids was used for electroanalytical aptasensing 
of breast cancer using HER-2 concentrations. The novel nanohybrid structure primarily consists of ZnO 
tetrapod cores encased by K4PTC molecules, forming a unique core-shell structure. The K4PTC layer, which is 
rich in carboxylate groups, is crucial for aptasensing because it enables precise binding interactions with aptamer 
molecules that target HER-2 aptamer. The ZnO tetrapod cores boost the electronic conductivity of the sensing 
platform, facilitating efficient charge transfer and enabling the sensitive detection of HER-2. This research 
represents an innovative method for the detection of HER-2, an essential biomarker. In contrast to prior stabilised 
and published approaches from our research group, the fabrication and application of active nanohybrids onto 
a carbon screen-printed electrode, which functions as a layer of electro-active transducers29,30. the presented 
work has the novelty of applying very first time a nanohybrid substrate made up of ZnOT nanostructures 
with K4PTC, A thorough analysis was conducted to determine the structural, chemical, and electrochemical 
properties of this configuration, to confirm the successful synthesis of nanohybrid. Our synthesized nanohybrid 
demonstrates exceptional sensing capabilities when exposed to HER-2 oxidations in Methylene Blue-containing 
Phosphate-Buffered Saline (PBS-MB), a choice justified by Methylene Blue’s role as a redox mediator, enhancing 
electron transfer during the sensing process. The observed increased activity was higher than that of pure ZnOT 
and K4PTC in isolation. Consequently, in serum and (PBS-MB) samples, our nanohybrid material exhibited 
exceptionally high sensitivity and a significantly LoD for HER-2. All methods were conducted in accordance 
with relevant guidelines and regulations, and ethical approval for the study was obtained and documented as 
per the requirements.

Results and discussion
Material surface characterization
XRD
The presented Fig. 1a obtained using the (D8 ADVANCE ECO-Bruker) shows the XRD pattern of ZnOT-K4PTC 
nanohybrids, instrument. The absence of any diffraction peaks corresponding to residual zinc or other suboxides 
in the spectrum confirms the formation of homogenous, pure, and well-crystallized ZnOT, as evidenced by 
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all the discernible diffraction peaks31. Notably, the XRD pattern features a particularly prominent peak for 
ZnOT at 2θ = 36.45°, corresponding to the (101) plane. This is evidenced by the (101) being the most favourable 
orientation for the nucleation and growth of ZnOT crystals31. The prominent peak at 2θ = 6º and the smaller 
peaks at 2θ = 12.40º and 27.30º are attributed to the distinction phases of K4PTC30 Further analysis using the 
Scherrer Eq. (1) 32:

	
D = 0.9λ

β cosθ
� (1)

The parameter ‘β’ signifies the broadening of the diffraction peak measured at half its maximum intensity, 
expressed in radians. Conversely, ‘D’ represents the grain size of the material. The symbol ‘λ’ denotes the 
wavelength of the X-ray radiation, while ‘θ’ stands for the Bragg angle, which is the angle of incidence, reveals the 
grain size for ZnOT is approximately 38.30 nm, for K4PTC is 1.2 nm, and for the ZnOT-K4PTC nanohybrid is 
approximately 15.96 nm. The significant reduction in grain size for the nanohybrid is attributed to the interaction 
between ZnOT and K4PTC phases. The crystalline nature of ZnOT is well-supported by the sharp and intense 
diffraction peaks observed in its XRD pattern, indicating high crystallinity. However, introducing K4PTC phases 
into the nanohybrid leads to a slight broadening of peaks, suggesting a reduced crystalline domain size. This 
reduction is likely due to the integration of the amorphous or semi-crystalline K4PTC phase, which disrupts 
the periodic lattice of ZnOT, resulting in smaller crystalline regions in the composite. Such structural changes 
contribute to the unique properties of the nanohybrid material.

FTIR
The FTIR spectrum obtained using the Frontier FT-IR/FIR instrument (Perkin Elmer) is shown in (Fig. 1(b) 
and displays a distinct peak at 3445  cm-1, signifying the existence of -OH stretching vibrations. This peak 
reflects hydroxyl groups associated with alcohols, phenols, or adsorbed water molecules. Additionally, the peak 
at 2923 cm-1 corresponds to CH2 stretching vibrations, indicating the presence of aliphatic chains in the hybrid 
material. The spectrum reveals a peak at 509 cm-1, which is a clear indicator of Zn-O stretching vibrations, 
characteristic of the structural composition of the material33. The spectrum also shows a notable peak at 
approximately 1623 cm-1, ascribed to the C = O stretching vibrations of the carboxylate acid groups in K4PTC. 

Fig. 1.  (a) XRD plot within the range of 2θ = 8o – 80o (b) FTIR spectra recorded within the range of 4000–
450 cm− 1 (c) UV-VIS spectrum of ZnOT-K4PTC within the range of 265–800 nm (d) PL Spectra of ZnOT-
K4PTC and ZnOT and K4PTC exhibit emission spectra within the range of 300 to 500 nm (Insite).
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A smaller peak at 1384  cm-1, representing symmetric stretching of the carboxylate groups, further confirms 
the coordination environment in the hybrid. Further peaks at 1579 cm-1 and 1595 cm-1 indicate the aromatic 
C-C stretching vibrations inherent to K4PTC34. The band near 1120 cm-1 is attributed to the C-O stretching 
vibrations, highlighting ether or ester groups within the material’s matrix. A weak absorption near 890 cm-1 
suggests the presence of out-of-plane bending vibrations associated with aromatic rings, providing additional 
structural insights. The examined shift in the peak within the FTIR spectrum of the nanohybrid suggests a 
potential π-π stacking interaction between the pyrenyl group of K4PTC30 and the ZnOT nanosheet, highlighting 
the complex interplay of molecular forces and interactions within the nanohybrid structure. The ZnOT-
K4PTC hybrid, in its as-prepared state, demonstrated discernible absorption peaks, which suggest its hybrid 
characteristics. This includes vibrational modes related to molecular interactions, such as hydrogen bonding, 
metal-ligand coordination, and π-π stacking. These features highlight the material’s potential applicability in 
biosensing due to its ability to facilitate selective molecular recognition and signal transduction.

UV-Vis and photoluminescence
The Spectro Photo meter UV-Vis (LAMDA 35, Perkin Elmer) and Photoluminescence Spectrophotometer 
(LAMDA 45, Perkin Elmer) were used to analyze the optical properties of the synthesized nanohybrid. The 
absorption spectrum in Fig.  1c exhibits distinct peaks between 480  nm and 520  nm34–36, corresponding to 
K4PTC. These peaks are characteristic of the π–π transitions in K4PTC molecules, further confirming their 
incorporation into the nanohybrid structure. The prominent peak at around 300 nm also signifies ZnOT37. This 
absorption band is associated with the electronic transitions within the ZnO structure, particularly the intrinsic 
bandgap transitions, indicating the presence of ZnOT as a key component. A photoluminescence (PL) spectrum 
(Fig. 1d indicates the presence of ZnOT and K4PTC. PL spectra provide complementary insights into the optical 
activity of the nanohybrid, capturing emission phenomena that correlate with the observed absorption bands. 
The ZnOT and K4PTC exhibit emission spectra within the range of 300 to 500  nm as presented in inset of 
Fig. 1d. This emission range reflects the radiative recombination of charge carriers within the ZnOT and K4PTC 
components, suggesting effective interaction between the materials. In our synthesized nanohybrid, the presence 
of K4PTC was indicated by the bands at 485 and 514 nm34. These specific peaks are well-aligned with the known 
luminescent properties of K4PTC, confirming its role as a luminescent center within the hybrid matrix. The 
slight bump shown at 408 nm signifies the presence of ZnOT38,39. This feature indicates defect-related emissions 
in ZnO, such as oxygen vacancies or zinc interstitials, commonly observed in ZnOT-based materials. These PL 
spectra closely matched the absorption band of the nanohybrid, which confirms the effective synthesis of the 
ZnOT-K4PTC nanohybrid. The overlap between absorption and emission spectra underscores the successful 
coupling of the two components, validating the integrity and functionality of the synthesized material.

SEM micrograph
The Field Emission Scanning Electron Microscopy analysis was performed using the (FESEM, ZEISS) 
instrument. which revealed that tetrapods contain four arms branching from the same center and that the 
angles amongst the arms are approximately similar40,41 with a coating of functionalized K4PTC, as depicted 
in Fig. 2a, b,c. This characteristic tetrapod structure, symmetrical branching, is a hallmark of ZnOT materials 
and suggests controlled synthesis conditions. The arms are uniform in length and diameter, further validating 
the fabrication process’s consistency and reproducibility. Additionally, the coating of K4PTC is observed as a 
uniform layer around the ZnOT tetrapods, enhancing their surface properties and enabling potential functional 
applications. Such coating provides opportunities for improved interaction with light and charge transport in 
hybrid materials. The Energy Dispersive X-ray Spectroscopy (EDAX) analysis revealed that zinc is present in 
74 wt % in the synthesized nanohybrid, followed by carbon, potassium, and oxygen in 14 wt, 7.90 wt, and 3 
wt% respectively as shown in Fig. 2d. The high zinc content indicates that ZnOT constitutes the core structural 
component of the nanohybrid. The presence of carbon and potassium validates the effective incorporation of 
K4PTC, while the oxygen content aligns with the ZnOT matrix and functional groups from the K4PTC. The 
uniform elemental distribution observed in EDAX further supports the successful synthesis of the ZnOT-
K4PTC nanohybrid. These findings confirm the effective structural and compositional integration of ZnOT and 
K4PTC into a hybrid material with enhanced functional capabilities.

X-ray photoelectron spectroscopy (XPS) of ZnOT-K4PTC nanohybrid
The XPS spectrum of the ZnOT-K4PTC nanohybrid, obtained using a PHI5000 Versa Probe II (ULVAC-PHI, 
Japan), is shown in Fig.  3a. It reveals four dominant elements, namely Zn2p, O1s, C1s, and K2p. The XPS 
spectrum is associated with the core-level regions of Zn 2p. At approximately 1021.6 eV and 1045 eV, the ZnOT-
K4PTC nanohybrid exhibited a doublet, corresponding to the Zn’s 2p3/2 and 2p1/2 core levels, respectively42. 
This distinct doublet separation signifies a stable zinc oxidation state in the hybrid material, reinforcing the 
reliability of ZnO formation. 23.4 eV is the difference in binding energy between the two lines, which is well 
within the ZnO standard reference value. The first peak observed in the oxygen-deficient ZnO matrix is ascribed 
to Zn2 + ions. Additionally, each Zn 2p3/2 XPS peak is distinct. Therefore, it can be verified that the predominant 
form of zinc ions present on the surfaces of the samples is Zn2 + 43. This evidence confirms that ZnO forms 
in the hybrids in the as-synthesized state. The O1s spectra in Fig. 3b display notable peaks at 531, 533, and 
534 eV, corresponding to distinct oxygen-containing functional groups and chemical environments. At 531 eV, 
the peak primarily represents oxygen bound in C-O groups. In comparison, the peaks at 533 eV and 534 eV are 
attributed to hydroxyl groups and carboxylic groups, respectively. These assignments provide insights into the 
functionalization of the nanohybrid. The presence of oxygen atoms bonded to carbon via carbon-oxygen (C-O) 
single bonds is indicated by the peak at 531 eV. The observed peak can be attributed to chemical species with C-O 
linkages, including ethers, alcohols, or other organic compounds. The identification of a peak at 533 eV signifies 
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the presence of oxygen atoms that are hydroxyl groups (C-OH) bonded to carbon. Potential functional groups 
or surface hydroxyl groups, including those found in alcohols, phenols, or carboxylic acids, may cause this peak. 
The identification of oxygen atoms with more intricate bonding configurations, including those observed in 
carboxylic acid groups (O = C-OH), is indicated by the peak at 534 eV44. The four deconvoluted peaks at 284.4, 
285.3, 286.9, and 288.7 eV were identified in the high-resolution C 1 s spectrum Fig. 3c as C = C, C–C, C–O, and 
C = O, respectively45. The peak intensities suggest a strong decoration of the T-ZnO surface by K4PTC, indicating 
the successful hybrid formation. The discernible appearance of the C–O and C = O bonding peaks indicates that 
T-ZnO is significantly decorated with K4PTC. The K2p spectra, as depicted in Fig. 3d, indicate that each K2p 
state was divided into two sub-peaks at 292 eV and 294.4 eV: 2p3/2 and 2p1/2 which can be ascribed to C-C and 
CO3

2- (e.g., metal carbonates) groups. Both terms denote the K+ state connected by smaller anions. The well-
resolved sub-peaks also imply a distinct coordination environment for K+ ions, which could play a critical role in 
the electronic properties of the nanohybrid. Information regarding the electronic structure and the coordination 
arrangement of potassium ions within the material can be obtained from the peak’s positioning46.

Electrochemical characterization of bio-nanohybrid electrode
Aptamer strands immobilized on the nanohybrid were accomplished via a single-step procedure. This results 
in hydrogen bonding interactions between the -NH groups of the aptamer strands and the hydroxyl (OH) 
groups on the surface of the nanohybrid. A kind of non-covalent interaction, hydrogen bonding occurs when 
another electronegative atom interacts with a hydrogen atom covalently bound to an electronegative atom, 
such as nitrogen (NH) or oxygen (OH). The NH constituents on the aptamer strands functioned as hydrogen 
bond acceptors, whereas the OH groups on the nanohybrid surface donated hydrogen bonds. Throughout the 
immobilization procedure, stable hydrogen bonds were formed between the two components as the OH groups 
on the nanohybrid reacted with the NH groups of the aptamer strands. This interaction enables the Aptamer 
strands to adhere to the nanohybrid’s surface, thereby immobilizing them in position. The Cyclic Voltammetry 
measurements were performed using the DropSense µStat i-400 potentiostat, as visually depicted in Fig. 4a. 
The substantial decrease in peak anodic current (Ipa) observed when carbon screen-printed electrodes were 
coated with ZnOT-K4PTC nanohybrid can be expected to result from the repulsion between Methylene blue 
molecules and K + ions, both of which are cationic. Due to this repulsive interaction between the molecules 
and the nanohybrid, the peak current decreases from ~ 2.26µA to 0.7 µA. Meanwhile, the Ip.a. was increased to 
~ 19µA, after the HER-2 Aptamer immobilization onto CSPE/ZnOT-K4PTC nano-bioelectrodes. The primary 
factor responsible for this increase is the groove-binding interaction between the MB redox probe and single-

Fig. 2.  SEM Image of ZnOT-K4PTC SEM with different magnifications presenting the morphological 
information about the surface of the sample material (a, b,c) and EDX spectra of as-synthesized ZnOT-K4PTC 
(d).
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stranded aptamers, which results in efficient interfacial electron transfer. The Unique behaviour observed during 
each phase of electrode fabrication indicates the effective development of a CSPE/ZnOT-K4PTC/Aptamer bio-
nanoelectrode. The significant potential of this electrode for detecting and analyzing breast cancer highlights 
the advancements in bio-nanoelectrode technology and its promising applications in medical diagnostics. The 
electroactive surface of the bio-nanosensors was examined by analyzing changes in current with varying scan 
rates (20–100 mV/s), and the corresponding cyclic voltammetry (CV) plots are displayed in Fig. 4b, demonstrate 
that the current profiles seem to maintain the reversible kinetics as the scan rate increasing from 20 mV/s – 100 
mV/s, as proven by Ip.a./Ipc ~ 1. The peak currents increase with the scan rate, as displayed in Fig. 4c, mainly exhibit 
a linear relationship with the half-power of the scan rate, which resembles a typical Randle ’s-Sevick behaviour 
with diffusion-controlled kinetics. The electroactive surface region of the sensor electrode was measured to be 
~ 0.278 mm2 using the Randle’s-Sevick Eq. 4 ref47. This increase in the surface area of the electrode indicates 
a successful modification of the electrode characteristics, providing sufficient proof that the aptamer-coated 
electrode was effectively modified. The high electroactive surface area of the CSPE/ZnOT-K4PTC/Aptamer 
sensing electrode increased the total interface current response, providing an adequate region for examining the 
hybridization event. Furthermore, the Laviron plot48 in Fig. 4d shows a change in the peak potentials as the scan 
rate is raised from 20 to 100 mV/s. The equations below show a linear correlation amongst log v and the peak 
potentials (Ep.a. and Epc).

	 Epa = 0.06log (ν ) − 0.27, R2 = 0.98� (2)

	 Epc = −0.07log (ν ) − 0.11, R2 = 0.96� (3)

By conducting a Comparison between these equations with the Laviron relations49, weobtain:

	 0.06 = 2.303RT / (1 − α ) nF � (4)

	 − 0.07 = 2.303RT /α nF � (5)

Fig. 3.  XPS spectra of the synthesised ZnOT-K4PTC (a) Zn2p spectrum showing the chemical state of zinc 
(b) O1s, spectrum showing oxygen species in the material, (c) C 1s, spectrum representing carbon bonding 
environments, and (d) K2p spectrum confirming the presence and chemical state of potassium.
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Where,
n = represents the number of electrons involved in the transfer process.
R = stands for the universal gas constant, valued at 8.314 J/K/mol.
T = is the absolute temperature measured in Kelvin.
F = denotes Faraday’s constant, approximately 96,500 C/mol.
α = is the charge transfer coefficient.
The high electroactive surface area (~ 0.278 mm2) and the average value of ‘α’ for CSPE/ZnOT-K4PTC/

Aptamer electrodes (0.5) are indications of an elevated degree of electron transfer, which enhances the response 
time of the developed sensor.

Optimization of biosensor parameters
The detailed optimization process is provided in Supplementary “Figure S1” for additional experimental results.

Analytical performance of CSPE/ZnOT-K4PTC /Aptamer sensor
The efficacy of the nano-bioelectrode to detect HER-2 recombinant protein was assessed via SWV using a 
frequency of 20 Hz, with a potential range of -0.6 V to + 0.2 V. A Phosphate-Buffered Saline-Methylene Blue (PBS-
MB) electrolyte solution (0.1 M/100 µM, pH 7) was utilized for the experiment. The representations for the SWV 
profiles are shown in Fig. 5a. A reduction in peak anodic current (Ip.a.) was noted with the enhancement of HER-
2 recombinant protein concentration from 1 fg/mL to 10 µg/mL. The redox process of MB, which is essential for 
electron transfer, is significantly inhibited when recombinant protein concentrations are increased. The electron-
flow pathway is hindered due to the formation of larger hybridized complexes on the electrode surface. During 
DNA hybridization, these substantial complexes accumulate, creating a physical barrier that obstructs the 
efficient transfer of electrons. This hindrance in electron transfer results in decreased electrochemical activity, 
thereby affecting the overall performance of the electrode50. It is worth mentioning that the MB probe-mediated 
electrochemical reactions retain their reversibility, as evidenced by the negligible fluctuations in peak potentials 
and the consistent Ip.a./Ipc ratio of around 1. This observation emphasizes the sensor platform’s electrochemical 
stability in the presence of binding events within the specified electrochemical range. The CSPE/ZnOT-K4PTC/

Fig. 4.  (a) Voltametric response at various phases of electrode fabrication, (b) impact of scan rate on the 
voltammograms of the CSPE/ZnOT-K4PTC/Aptamer sensor, (c) change in peak anodic and cathodic currents 
with varying scan rate, and (d) variation of peak anodic and cathodic potentials at different scan rate.
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Aptasensor was calibrated to a peak anodic potential of -240 mV. The concentration of recombinant protein was 
shown to have a linear relationship with Ip.a., as illustrated in Fig. 5b. As the concentration of HER-2 Recombinant 
protein varied from 1 fg/mL to 10 µg/mL, the current response decreased from ~ 7.0 µA to 12.9 µA, respectively. 
This decrease in Ip.a. is primarily due to the formation of large complexes during DNA hybridization, which 
hinders electron transfer29. The calibration graph shows an inverse logarithmic relationship, represented by the 
line equation Ip.a. (µA) = -0.583 log {c (fg/mL)] + 12.5 with an R2 value of 0.99. The developed biosensor had a 
sensitivity of 2.08 µA/fg/mL /mm² and a limit of detection (LoD) of 0.58 fg/mL as determined using the 3 ơ 
rule51. Table S1, please see Supplementary Information (SI), compares the key parameters of the ZnOT-K4PTC 
platform with the few existing studies.

To analyse the specificity of the aptasensing platform, its efficacy was tested in spiked serum and the presence 
of different analytes. These analytes included HER-2 (1  fg/mL), HPV-16 (1  fg/mL), and PCA3 (1  fg/mL), 
which were all added individually to the detection solution. The experiments were conducted under optimum 
conditions, specifically using PBS/MB (0.1 M/100 µM, pH 7). The results showed that the highest peak current 
appeared in the presence of HER-2, as shown in Fig.  6(a). In comparison, signal intensities obtained in the 
presence of other interfering compounds were less than 15% of those obtained with HER-2. This indicates that the 
developed aptasensing platform has good selectivity towards target molecules. As shown in Fig. 6b, the stability 
of the aptasensing platform was evaluated over 35 days. The experiments utilized a 1 fg/mL concentration of 

Fig. 6.  (a) Interference and spiked serum sample study, (b) shelf-life study of the developed sensor over a 
duration of one month. 

 

Fig. 5.  (a) Square wave voltametric profiles obtained at various HER-2- recombinant protein concentrations 
within the range of 1 fg/mL to 10 µg/mL, (b) sensor calibration plot obtained at 0.24 V (-240 mV) within the 
specified concentration range.
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HER-2 recombinant protein. The results demonstrated that the anodic peak current (Ip.a.) maintained a relatively 
stable profile for 30 days, with variations limited to a range of 6.00 ± 5.55 µA. However, there was a marked 
decrease in the Ip.a. beyond this period, indicating a significant decline in the sensor’s current response. This 
observed pattern suggests that the developed sensor shows consistent stability and reproducibility for up to 30 
days, nearly corresponding to ~ 1 month.

Figure 6a Interference and spiked serum sample study, (b) shelf-life study of the developed sensor over a 
duration of one month.

Conclusion
This study involved the development of a novel affordable electrochemical aptasensor designed explicitly for 
the initial stage screening of breast malignancy by measuring HER-2 levels. This sensor was fabricated using 
novel ZnOT-K4PTC nanohybrids; K4PTC is known for its high concentration of carboxylate groups, which 
are appropriate for effectively binding HER-2 Aptamer. The developed sensor exhibits remarkable linearity 
throughout a wide range of recombinant protein concentrations, from 1 fg/mL to 10 µg/mL. It has a LoD of 
0.58 fg/mL and a sensitivity of around 2.08 µA/fg/mL/ mm² measured using cyclic voltametric. The designed 
sensor shows exceptional selectivity for HER-2 recombinant protein, with negligible variations observed 
in spiked serum samples. The sensing platform shows a shelf life of ~ 1 month and a quick response time of 
~ 10 s, making it significant for development in detecting breast cancer. Future advancements can build on this 
robust platform by addressing the inherent challenges in biomolecule stability, potentially through integrating 
molecularly imprinted polymers (MIPs) to enhance durability and shelf life further. Exploring multiplexed 
biomarker detection could pave the way for comprehensive diagnostic solutions. The promising outcomes of 
this study establish a solid foundation for developing point-of-care diagnostic tools that can revolutionize early 
breast cancer detection and significantly contribute to improving global healthcare outcomes.

Methods
The experimental methods and the synthesis process of the ZnOT-K4PTC nanohybrid is details in supplementary 
file. (S1) The Schematic diagram S1 in supplementary file. illustrates the details about synthesis mechanism of 
the ZnOT-K4PTC nanohybrid.

Data availability
The datasets used and/or analysed during the current study will be available from the corresponding author on 
reasonable request.
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