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ABSTRACT 

In this work, we present the development of a novel label-free electrochemical biosensor based on electrospun 

nanofibers composed of reduced graphene oxide (rGO), silver nanoparticles (AgNPs), and polyaniline (PANI) for 

the sensitive detection of HER2-overexpressing breast cancer cells. The rGO/Ag/PANI nanofibers were deposited 

onto a glassy carbon electrode (GCE), providing a highly conductive and biocompatible interface with a large 

surface area for antibody immobilization and efficient electron transfer. The sensor demonstrated a wide linear 

detection range from 10 to 10⁶ cells/mL and achieved an impressively low detection limit of 2 cells/mL for SK-

BR3 cells (a HER2-positive breast cancer cell line), without the need for chemical labeling or signal amplification. 

The platform also showed high selectivity toward HER2-positive cells compared to HER2-negative controls. 

Recovery experiments in artificially spiked blood samples indicated >90% recovery, highlighting the sensor's 

robustness in complex biological environments under controlled in vitro conditions. Overall, the rGO/Ag/PANI-

based nanofiber biosensor offers an effective strategy for rapid, label-free detection of target cancer cells in 

laboratory settings, and holds potential for further adaptation toward non-invasive diagnostic platforms following 

future clinical validation. 

Keywords: Breast Cancer; Electrochemical Nano Biosensor, Impedance, Human Epidermal Growth Factor 

Receptor 2 (HER2), Graphene Oxide, Silver Nanoparticles. 

1. INTRODUCTION 

Breast cancer (BC) is one of the most prevalent and deadly malignancies among women worldwide, accounting 

for significant morbidity and mortality each year [1]. Among its molecular subtypes, approximately 20–30% of 

invasive breast cancers are characterized by overexpression or amplification of the human epidermal growth factor 

receptor 2 (HER2), a member of the ErbB tyrosine kinase receptor family [11–15]. HER2 overexpression is 

strongly correlated with increased tumor aggressiveness, recurrence rates, and resistance to conventional therapies 

[16]. Clinically, the extracellular domain (ECD) of HER2 can be cleaved and released into the bloodstream, 

serving as a valuable biomarker for non-invasive diagnostics and disease monitoring. 

Current clinical methods for HER2 detection—such as immunohistochemistry (IHC) and fluorescence in situ 

hybridization (FISH)—are considered diagnostic gold standards but are invasive, time-consuming, and vulnerable 
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to false results due to tumor heterogeneity, subjective interpretation, and sampling limitations [11–13,17]. These 

drawbacks make them unsuitable for repeated monitoring or use in point-of-care (POC) settings, particularly in 

low-resource environments. Additionally, the specificity of HER2 expression to a subset of BC patients 

necessitates detection strategies that are both highly selective and minimally invasive. 

To overcome these limitations, numerous electrochemical biosensors have been developed in recent years for 

HER2 detection. These platforms leverage redox-active interfaces to convert antigen–antibody interactions into 

measurable electrical signals, offering advantages such as high sensitivity, portability, and real-time readout 

[2,20,21]. For example, Freitas et al. developed a quantum dot-labeled electrochemical immunosensor achieving 

sub-nanomolar sensitivity in serum, though requiring complex labeling and multistep processing [2]. Similarly, 

impedance-based HER2 sensors have demonstrated promising sensitivity but often function only in buffer 

solutions or require immobilization of labeled antibodies, limiting their clinical applicability [21,23]. Most 

existing studies also detect recombinant HER2-ECD rather than whole HER2-positive cells, which may be more 

clinically relevant for tracking circulating tumor cells (CTCs) in metastatic disease. 

Recent advances (2024–2025) in device-centric HER2 biosensors have greatly expanded the analytical landscape 

across multiple transduction modalities. Electrochemical platforms have achieved sub-nanomolar sensitivity 

through hybrid nanostructures and aptamer-functionalized interfaces [111–113]. Field-effect transistor (FET) and 

organic thin-film transistor (OTFT) devices now enable label-free, real-time HER2 detection with miniaturized, 

on-chip readout capabilities [114–116]. Plasmonic and surface acoustic wave (SAW) biosensors have further 

enhanced optical and mass-based responses for HER2 recognition [117,118]. Nevertheless, most of these recent 

devices target the soluble HER2 extracellular domain (HER2-ECD) in buffer or diluted serum and still rely on 

labeling or sample pretreatment. In contrast, the present study introduces a label-free electrochemical biosensor 

capable of directly detecting intact HER2-overexpressing breast cancer cells in untreated whole blood, thereby 

addressing the main limitations of current device-based HER2 sensing platforms. 

From a device-engineering standpoint, the present work introduces a hierarchical rGO/Ag/PANI nanofiber-

modified GCE that integrates three synergistic design features rarely combined in HER2 sensing devices: (i) a 

highly conductive hybrid nanofiber scaffold enabling efficient charge transport, (ii) label-free impedance 

transduction allowing direct whole-cell detection, and (iii) compatibility with untreated whole blood, eliminating 

the need for centrifugation or chemical processing. Unlike previous HER2 devices that primarily target the soluble 

HER2-ECD using labeled assays or high-cost transducers, our platform combines low-cost fabrication, scalable 

electrospinning, robust 60-day stability, and potential for miniaturization into portable point-of-care systems. 

To the best of our knowledge, no existing electrochemical biosensor platform has successfully combined label-

free operation, direct whole blood analysis, and ultrasensitive detection of intact HER2-positive breast cancer 

cells. This study addresses this gap by developing a hierarchical nanocomposite-modified glassy carbon electrode 

(GCE), functionalized with reduced graphene oxide (rGO), silver nanoparticles (AgNPs), and polyaniline (PANI) 

nanofibers. The synergistic integration of these components provides a conductive, high-surface-area, and 

biocompatible interface that facilitates antibody immobilization and enhances signal transduction [25–27]. 

The resulting biosensor exhibits a remarkably low detection limit (2 cells/mL), high selectivity against common 

interferents, and over 90% recovery efficiency in untreated whole blood samples—without requiring any sample 

preprocessing or external labeling. This unique combination of features clearly distinguishes our approach from 

previous work and positions it as a promising platform for point-of-care diagnostics and personalized monitoring 

in HER2-positive breast cancer patients. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

Silver nanoparticles (Ag, 99.99% purity, average diameter ~20 nm, metal basis) and graphene oxide nanoparticles 

(GO, 99% purity, lateral size 2–7 nm, comprising 6–10 layers) were both procured from US Research 

Nanomaterials Co. Sodium borohydride (Na[BH₄]), dimethylformamide (DMF), potassium dihydrogen phosphate 
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(KH₂PO₄), and dipotassium hydrogen phosphate (K₂HPO₄) salts were obtained from Merck (Germany). 

Polyacrylonitrile copolymer, consisting of 93.7% acrylonitrile and 6.3% vinyl acetate with a molecular weight of 

approximately 100,000 g/mol, was supplied by Isfahan Polyacryl Inc., Iran. Monoclonal anti-HER2 antibodies 

(AHAb) were purchased from Sigma-Aldrich (USA). The human breast cancer cell line SK-BR-3 was obtained 

from the American Type Culture Collection (ATCC). 

2.2. Preparation of (rGO) 

Initially, 0.1 g of graphene oxide (GO) was dispersed in 50 mL of deionized water under vigorous stirring at 120 

°C. Then, a freshly prepared aqueous solution of sodium borohydride (Na[BH₄]) was added gradually to the 

suspension over a period of 45 min to ensure controlled reduction. The exact concentration and volume of the 

Na[BH₄] solution were carefully measured prior to addition. After completion of the reduction reaction, the 

mixture was cooled to room temperature and neutralized by careful addition of dilute acid (e.g., diluted HCl) to 

adjust the pH to neutral, preventing undesired side reactions. The reduced graphene oxide (rGO) product was then 

collected via centrifugation, washed multiple times with deionized water to remove residual reagents and by-

products, and finally dried under vacuum at 50 °C to remove moisture. 

2.3. Preparation of rGO/Ag Nanocomposite 

A total of 0.2 g of reduced graphene oxide (rGO) was dispersed in 20 mL of dimethylformamide (DMF) using a 

heater-stirrer setup under vigorous stirring for 30 min to ensure complete dispersion. Subsequently, predetermined 

amounts of silver nanoparticles (Ag) corresponding to 1%, 2%, 3%, and 4% weight ratios relative to rGO were 

separately added to 5 mL aliquots of the rGO dispersion. To promote uniform distribution and prevent aggregation 

of the Ag nanoparticles, 0.03 g of sodium borohydride (Na[BH₄]) solution was freshly prepared at a known 

concentration and added dropwise to each mixture. Each suspension was then subjected to ultrasonic treatment in 

an ultrasonic bath for 1 h at room temperature. After sonication, the resulting rGO/Ag/X (where X indicates the 

weight percentage of silver nanoparticles) nanocomposites were collected by centrifugation and subsequently 

dried in an oven at 40 °C under vacuum until a constant weight was achieved. 

2.4. Preparation of rGO/Ag/PANI Nanofibers Modified Electrode 

The glassy carbon electrode (GCE) was initially polished sequentially using alumina (Al₂O₃) powders of 0.3 μm 

and 0.05 μm particle sizes to obtain a smooth and mirror-like surface. After polishing, the electrode was thoroughly 

rinsed with deionized water (resistivity ≥18.2 MΩ·cm) and dried under a nitrogen stream to prevent contamination. 

A spinning solution was prepared by dissolving 0.7 g of polyaniline (PANI) in chloroform under continuous 

stirring, followed by the addition of 0.15 g of camphorsulfonic acid (CSA) as a dopant to enhance the conductivity 

and solubility of PANI. The mixture was stirred for 24 h at room temperature until a homogeneous and transparent 

solution was obtained.   

Subsequently, predetermined amounts of rGO/Ag nanocomposite (1%, 3%, 5%, and 7% w/w relative to PANI) 

were dispersed into the PANI solution. Each mixture was sonicated in an ultrasonic bath for 1 h to ensure uniform 

dispersion and prevent agglomeration of nanocomposite particles. The resultant suspensions were then 

electrospun onto the pre-polished GCE surface. 

Electrospinning was conducted using an apparatus supplied by Fanavaran Nano-Meghyas Co. (Isfahan, Iran). The 

parameters were set at a voltage of 25 kV, a needle-to-collector distance of 20 cm, and a solution feed rate of 0.5 

mL/h. Nanofibers were collected on an aluminum foil substrate attached to the collector to facilitate subsequent 

morphological and electrochemical characterization. The prepared electrodes were labeled as rGO/Ag/PANI/X, 

where X indicates the weight percentage of rGO/Ag incorporated (X = 1, 3, 5, or 7). 

For functionalization, monoclonal anti-HER2 antibodies were immobilized onto the electrospun nanofiber-

modified electrode surface. The antibody solution was carefully drop-cast onto the electrode and incubated at 4 

°C for 24 h to promote stable antibody binding. After immobilization, the electrode was gently rinsed with 

phosphate-buffered saline (PBS, pH 7.4) to remove unbound antibodies and stored at 4 °C until use (Figure 1). 
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Fig 1: schematic for the preparation of samples. 

2.4. Characterization 

2.4.1. Chemical and Physical Characterizations  

The chemical properties of the electrospun nanofiber scaffolds were characterized using Fourier-transform 

infrared (FTIR) spectroscopy (ThermoNicolet NEXUS 870 FTIR, Nicolet Instrument Corp., USA), allowing for 

the identification of functional groups and bonding interactions. The surface morphology and topography of the 

nanofibers were examined through Field Emission Scanning Electron Microscopy (FESEM) (Sigma, Zeiss, 

Germany) and Atomic Force Microscopy (AFM) (ENTEGRA MDT-AFMNT, NT-MDT Co.), respectively. The 

average diameter of various nanofibers was determined by an image processor (SXM-196X). 

X-ray diffraction (XRD) analysis was conducted using a D/max 2500 XRD spectrometer (Rigaku), employing a 

Cu Kα radiation source with a wavelength of 0.1541 nm, to assess the crystallographic structure of the 

nanocomposites. The specific surface area of the nanofibers was measured via the Brunauer–Emmett–Teller 

(BET) method using a BElSORP Mini analyzer (Microtrac Bel Corp.), while pore size distribution was determined 

through the Barrett–Joyner–Halenda (BJH) model, based on nitrogen desorption isotherms, using the same 

instrument.  

2.4.2. Electromechanical Characterization 

Cyclic voltammetry (CV) measurements were performed using a high-precision potentiostat/galvanostat (Autolab 

PGSTAT100N, Metrohm Co.), configured in a conventional three-electrode setup. The working electrode was 

either a bare or modified glassy carbon electrode (GCE) with a diameter of 3 mm. A platinum wire was employed 

as the counter electrode, providing the current path, while a silver/silver chloride (Ag|AgCl) electrode, immersed 

in a saturated potassium chloride (KCl) solution, functioned as the reference electrode. This setup ensured stable 

potential control and precise electrochemical measurements. 



Eksplorium p-ISSN 0854-1418 

Volume 47 No. 1, January 2026:  64–92 e-ISSN 2503-426X 

 

68 

3. RESULTS AND DISCUSSION 

3.1. FTIR Analysis 

Fourier-transform infrared (FTIR) spectroscopy was employed to qualitatively investigate the chemical structure 

and interfacial interactions among graphene oxide (GO), reduced graphene oxide (rGO), silver nanoparticles 

(AgNPs), and their nanocomposite forms (rGO/Ag). Figure 2 and Table 1 present the relevant absorption bands 

and corresponding functional groups, offering insights into the chemical transformations that occurred during the 

material synthesis and functionalization processes. 

In the FTIR spectrum of GO, prominent absorption bands were identified at ~1,720 cm⁻¹ (C=O stretching of 

carboxyl groups), ~1,200 cm⁻¹ (C–OH stretching of hydroxyl groups), ~1,020 cm⁻¹ (C–O–C stretching of epoxide 

or ether groups), and ~3,430 cm⁻¹ (O–H stretching of hydroxyl and adsorbed water), all indicative of a highly 

oxygenated carbon framework [28–36]. These oxygen-containing functional groups impart GO with 

hydrophilicity and chemical reactivity, but also disrupt its π-conjugated structure. 

Upon chemical reduction, rGO exhibited a significant attenuation or disappearance of the aforementioned oxygen-

related peaks, particularly the C=O and O–H bands. This reflects the successful removal of carboxyl, hydroxyl, 

and epoxide groups via electron transfer reactions, likely facilitated by sodium borohydride (NaBH₄) as a strong 

reducing agent [37–40]. Concomitantly, a stronger peak emerged at ~1,600 cm⁻¹, corresponding to C=C stretching 

in sp²-hybridized carbon domains, suggesting partial restoration of the graphitic conjugated π-system and 

improvement in electrical conductivity [41]. However, the residual presence of weak oxygen-related peaks implies 

incomplete reduction, which is common and may actually favor further chemical interactions within the composite 

matrix. 

The FTIR spectrum of AgNPs revealed a weak yet distinguishable band near ~517 cm⁻¹, which is attributed to 

Ag–O stretching vibrations, indicating the formation of a thin layer of silver oxide on the nanoparticle surfaces 

due to ambient oxidation [42–45]. Other notable bands include those at ~3,436 cm⁻¹ (N–H or O–H stretching), 

~2,917 cm⁻¹ (C–H stretching of aliphatic chains), and 1,009–1,111 cm⁻¹ (C–N or C–O stretching), which are likely 

due to residual organic species, such as stabilizers, capping agents, or remnants of the reaction medium (e.g., DMF 

or surfactants) [46–52]. These surface functionalities may aid in nanoparticle stabilization and dispersion, while 

also providing reactive sites for interaction with the rGO matrix. 

The FTIR spectra of rGO/Ag nanocomposites revealed combined features of both rGO and AgNPs, with some 

notable shifts and intensity variations. Bands appearing around ~1,300 cm⁻¹ and ~1,650 cm⁻¹ may indicate the 

presence of NO₂- or amine-like functionalities, potentially originating from residual nitrate ions in AgNO₃ 

precursor solutions [53,54]. These bands may result from partial coordination or surface adsorption rather than 

covalent bonding. Nonetheless, due to the lack of direct compositional data such as XPS or CHNS analysis, these 

interpretations remain tentative and should not be considered definitive [55]. 

In terms of interfacial interactions, it is hypothesized that AgNPs may be partially stabilized on the rGO surface 

via electrostatic forces or weak coordination between residual oxygen-containing groups (e.g., hydroxyl, 

carbonyl) and silver ions during the in-situ synthesis. The π–π stacking interactions among rGO sheets, combined 

with the spatial separation introduced by embedded AgNPs, likely contribute to structural stabilization and 

increased surface accessibility. Furthermore, the observed decrease in FTIR band intensities associated with 

hydroxyl and carboxyl groups upon composite formation may reflect partial consumption of these groups during 

AgNP immobilization or reduction. 

In summary, FTIR analysis provides evidence for the successful reduction of GO to rGO and the subsequent 

functional integration of AgNPs. However, FTIR, being primarily qualitative, cannot determine the exact 

stoichiometry or oxidation state distributions. As such, the chemical interpretations derived from these spectra 

should be considered indicative. More definitive conclusions regarding elemental composition and oxidation 

states would require complementary techniques such as X-ray photoelectron spectroscopy (XPS), energy-

dispersive X-ray spectroscopy (EDX), or elemental analysis. 
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Table 1. Representative FTIR absorption bands and assigned functional groups 

Sample Wavenumber (cm⁻¹) Assigned Functional Group Reference 

GO 

~1,720 C=O (carboxylic) [32–34] 

~1,020 C–O–C (epoxy/ether) [28,30] 

~3,430 O–H (hydroxyl, H-bonded) [35] 

rGO 
~1,600 C=C (sp² carbon domains) [40,41] 

↓ in O–H, C=O Partial deoxygenation [37–39] 

AgNPs 

~517 Ag–O (silver oxide surface layer) [42–44] 

~2,917 C–H (aliphatic) [50,51] 

~3,436 O–H / N–H (surface adsorbates) [46–48] 

rGO/Ag 
~1,300–1,650 Possibly NO₂ or N–H (tentative) [53–55] 

~1,200 C–O (alkoxy or ether) [56] 

 

 

Fig 2: FTIR spectra of A) GO nanoparticles, B) rGO nanoparticles, C) Ag nanoparticles, D) rGO/Ag/1 

nanocomposite, E) rGO/Ag/2 nanocomposite, F) rGO/Ag/3 nanocomposite and G) rGO/Ag/4 nanocomposite. 

3.2. Crystallography Analysis 

X-ray diffraction (XRD) was employed to investigate the crystallographic structure, phase composition, and 

degree of crystallinity of the synthesized materials, including GO, rGO, AgNPs, and rGO/Ag nanocomposites 

with varying silver contents. The corresponding diffraction patterns are presented in Figure 3A–G. 

The XRD spectrum of graphene oxide (GO) (Figure 3A) exhibits a distinct and sharp peak at 2θ ≈ 10.9°, which 

corresponds to the (001) diffraction plane. This reflection is indicative of the regular lamellar stacking of oxidized 
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graphene sheets, resulting from the intercalation of oxygenated functional groups such as hydroxyl, carboxyl, and 

epoxide moieties between the basal planes [58, 59]. Upon chemical reduction, the GO peak disappears and is 

replaced by a broad diffraction feature centered at approximately 2θ ≈ 24.1° in the rGO sample (Figure 3B), 

corresponding to the (002) plane of graphitic carbon. This shift reflects a significant decrease in interlayer spacing 

and ordering, attributed to the removal of oxygen functionalities and partial restoration of the sp²-hybridized 

carbon network [60, 61]. The broad nature of the peak indicates an increased structural disorder and reduced 

crystallinity, consistent with the exfoliation and partial restacking of graphene layers after reduction. 

The diffraction pattern of synthesized silver nanoparticles (AgNPs) (Figure 3C) reveals intense and well-defined 

peaks at 2θ ≈ 38.1°, 44.3°, 64.4°, and 77.4°, corresponding to the (111), (200), (220), and (311) planes of face-

centered cubic (FCC) metallic silver, respectively [62–64]. The absence of secondary peaks confirms the high 

phase purity and crystallinity of the AgNPs, with no detectable impurities or oxide phases. The calculated 

interplanar spacing (d-values) aligns well with standard FCC Ag, further validating the formation of pure 

crystalline silver. 

The XRD patterns of rGO/Ag nanocomposites synthesized with various Ag loadings (Figure 3D–G) display the 

same characteristic peaks of FCC silver, confirming the successful incorporation of  AgNPs into the rGO matrix 

[65–67]. The intensity of the (111) peak at ~38.1° was particularly dominant across all compositions, signifying 

the preferential growth orientation of AgNPs. The rGO (002) diffraction signal remains visible but attenuated, 

suggesting partial retention of the graphitic structure post-hybridization. This reduction in rGO peak intensity is 

likely due to the homogeneous dispersion of AgNPs over the rGO surface, which disrupts regular stacking and 

introduces additional structural disorder.  

 

Fig 3: XRD spectra of A) GO nanoparticles, B) rGO nanoparticles, C) Ag nanoparticles, D) rGO/Ag/1 

nanocomposite, E) rGO/Ag/2 nanocomposite, F) rGO/Ag/3 nanocomposite and G) rGO/Ag/4 nanocomposite. 
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To further elucidate the effect of Ag loading on crystal size, the average crystallite dimensions of AgNPs in the 

composites were estimated using the Debye–Scherrer equation [68]: 

𝐷 =  
𝑘 𝜆

𝛽 csc 𝜃
                 (1) 

where D is the average crystallite size (nm), k is the shape factor (typically 0.9), λ is the X-ray wavelength (0.154 

nm for Cu Kα radiation), β is the full width at half maximum (FWHM) in radians, and θ is the Bragg angle. The 

analysis revealed a slight decrease in crystallite size with increasing silver content, which may be attributed to 

improved dispersion and nucleation control of AgNPs in the rGO framework. This enhanced dispersion likely 

facilitates stronger interfacial interactions between rGO and AgNPs, which could contribute to improved 

electrochemical properties, including higher catalytic activity and better electron transport in the final sensing 

platform. 

Table 2. The crystallite size of the different samples under Scherer’s formula 

Sample The range of crystal size (nm) Average crystal size (nm) 

GO 9.68 – 17. 50 13.50 

rGo 1.98 – 49.91 19.49 

AgNPs 19.01 -34.05 25.30 

rGo / Ag/1 23.43 - 33.32 27.51 

rGo / Ag/2 23.43 - 33.32 27.51 

rGo / Ag/3 23.43 - 33.32 27.51 

rGo / Ag/4 23.43 - 33.32 27.51 

 

3.3. BET & BJH Analysis 

The surface textural properties of the synthesized samples were systematically analyzed using Brunauer–Emmett–

Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, providing quantitative insights into their specific 

surface area, pore volume, and pore size distribution. These parameters are of paramount importance for 

optimizing material performance in electrochemical biosensing. 

The BET method, based on nitrogen physisorption at 77 K, quantifies the monolayer adsorption capacity (Vm), 

from which the specific surface area (SBET) is derived according to the equation: 

𝑆𝐵𝐸𝑇 =  
𝑁 × 𝑎 × 𝑉𝑚

𝑚
                    (2) 

where N is Avogadro’s number, a is the effective cross-sectional area of a nitrogen molecule (0.162 nm²), Vm is 

the monolayer volume of nitrogen adsorbed, and m is the sample mass [69–71]. 

As summarized in Table 3, the pure silver nanoparticles showed a relatively low surface area of 3.16 m²/g, 

reflecting their dense, non-porous morphology and aggregation behavior [72]. In contrast, graphene oxide (GO) 

exhibited a high specific surface area of 9.88 m²/g, consistent with its two-dimensional structure, abundant 

oxygenated functional groups, and high density of accessible adsorption sites [73]. Upon chemical reduction, the 

specific surface area of reduced graphene oxide (rGO) decreased to 5.09 m²/g due to the elimination of oxygen 

functionalities and increased π–π stacking between graphene sheets, which leads to partial restacking and reduces 

surface accessibility [74,75].  
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Table 3. The specific surface area values of different samples 

Samples Surface Area (m2/g) Pore Diameter (nm) Pore Volume (cm3/g) 

GO 9.8787 1.96 0.024434 

rGo 5.0878 2.21 0.030723 

AgNPs 3.1554 34.75 0.037259 

rGo /Ag/1 4.2150 2.06 0.026000 

rGo /Ag/2 3.9080 1.93 0.022000 

rGo /Ag/3 3.4340 1.74 0.020000 

rGo /Ag/4 4.7150 2.18 0.031000 

 

Incorporation of Ag nanoparticles into the rGO matrix resulted in a further decrease in surface area as Ag occupied 

active sites and potentially promoted partial agglomeration. Among the nanocomposites, the rGO/Ag sample with 

3 wt% Ag displayed the lowest surface area (3.43 m²/g), indicating the most significant blocking of surface 

adsorption sites. Interestingly, with further Ag addition up to 4 wt%, the surface area increased again to 4.71 m²/g. 

This behavior may be related to improved dispersion of silver nanoparticles at higher loading, generating new 

interfacial voids or disrupting the stacking of rGO layers, thereby restoring additional accessible surface sites [76]. 

The trend is well illustrated in Figure 4, which depicts the relationship between Ag content and surface area. 

 

Fig 4: Surface area and pore diameter of different samples. 

BJH analysis further complemented the BET data by providing the pore size distribution and pore volume. As 

expected, the pure Ag nanoparticles displayed the largest average pore diameter (34.75 nm) and the highest pore 

volume (0.0373 cm³/g), which is attributable to interparticle voids rather than inherent porosity [77]. Graphene 

oxide, on the other hand, exhibited a much smaller average pore size of 1.96 nm and pore volume of 0.0244 cm³/g, 

characteristic of its interlayer spacing and defect-rich structure [78,79]. After reduction to rGO, the average pore 

diameter slightly increased to 2.21 nm with a pore volume of 0.0307 cm³/g, likely due to nanosheet restacking and 

agglomeration, collapsing smaller micropores but introducing mesoporous gaps [80]. 

The addition of Ag nanoparticles to rGO progressively reduced pore size and volume up to a loading of 3 wt%, 

suggesting partial pore blockage and increased packing density. However, similar to the surface area trend, at 4 

wt% Ag, both pore diameter (2.18 nm) and pore volume (0.031 cm³/g) increased again, possibly due to re-

dispersion of the silver nanoparticles, which interrupts dense stacking and introduces mesoporous regions. This 

pattern supports the conclusion that Ag content strongly influences the textural parameters of the rGO-based 

nanofibers. 

Collectively, these BET and BJH results demonstrate that the specific surface area and porosity of the synthesized 

materials can be precisely tuned by controlling the silver nanoparticle loading. Such tunability is crucial for 
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maximizing the electrochemical active surface and optimizing the sensitivity and stability of the biosensing 

platform. 

3.4. FESEM Analysis 

Field emission scanning electron microscopy (FE-SEM) was utilized to systematically examine the surface 

morphology and structural evolution of graphene oxide (GO), reduced graphene oxide (rGO), and a series of 

rGO/Ag nanocomposites containing varying silver nanoparticle concentrations. The micrographs (Figure 5A–F) 

offer valuable insights into how silver incorporation affects the morphological attributes of the graphene-based 

matrix, which in turn influences the composite’s functional performance, particularly for biosensing applications. 

The FE-SEM image of GO (Figure 5A) reveals a typical multilayered lamellar structure with crumpled, loosely 

stacked nanosheets that form a porous and sponge-like texture. This morphology is consistent with a high density 

of oxygenated functional groups—such as hydroxyl, epoxide, and carboxyl—distributed over both basal planes 

and sheet edges [81, 82]. These polar functionalities induce capillary hydration effects, yielding a soft, carpet-like 

texture with interconnected nanochannels and high surface area [83-85]. 

Upon chemical reduction (Figure 5B), the GO undergoes a morphological transformation into rGO, exhibiting 

fewer layers and a more compact, wavy, and wrinkled morphology with a silk-like appearance [85, 86]. This is 

attributed to the partial elimination of surface oxygen groups and the reestablishment of π–π stacking interactions 

between graphene sheets, enhancing electrical conductivity and surface accessibility [84, 86]. 

Figures 5C–E display the FE-SEM micrographs of rGO/Ag/1, rGO/Ag/2, and rGO/Ag/3 nanocomposites, 

respectively. Silver nanoparticles appear as uniformly dispersed, spherical features anchored onto the rGO 

surfaces, acting as interlayer spacers that prevent re-stacking of graphene sheets. This distribution is critical in 

maintaining a high degree of sheet exfoliation, thus ensuring access to active sites and enabling effective charge 

transport throughout the nanocomposite [85]. Importantly, among all investigated compositions, the rGO/Ag/3 

sample (Figure 5E) demonstrates the most optimal morphology. It strikes an ideal balance between Ag 

nanoparticle density and sheet separation, ensuring uniform dispersion without agglomeration, while retaining the 

desirable wrinkled architecture of rGO. This synergistic microstructure maximizes electroactive surface area and 

enhances electron transfer kinetics, essential for biosensing sensitivity and stability. 

In contrast, the rGO/Ag/4 nanocomposite (Figure 5F) shows increased Ag nanoparticle loading (≈58–172 nm) 

with denser surface coverage. While the particles remain largely discrete, partial aggregation is evident, which 

may lead to local conductivity disruptions or hinder mass transport. Although the wrinkled morphology persists, 

the excessive nanoparticle density could partially obscure the active surface and reduce effective analyte 

accessibility [85]. 

Taken together, the FE-SEM analysis indicates that rGO/Ag/3 offers the most favorable microstructural 

configuration for subsequent integration into polyaniline (PANI) nanofiber networks and electrode modification. 

The optimized distribution of Ag nanoparticles, combined with preserved nanosheet undulation and interlayer 

spacing, positions this composite as the most suitable platform for achieving high-performance biosensing. This 

morphology is anticipated to provide enhanced signal amplification, reduced response time, and reliable detection 

of HER2-positive cells in complex biological media. 
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Fig 5. FESEM images of samples A) GO nanoparticles, B) rGO nanoparticles, C) Ag nanoparticles, D) 

rGO/Ag/1 nanocomposite, E) rGO/Ag/2 nanocomposite, F) rGO/Ag/3 nanocomposite and G) rGO/Ag/4 

nanocomposite. 

 

Field emission scanning electron microscopy (FE-SEM) was employed to investigate the morphological 

characteristics of pristine polyaniline (PANI) nanofibers and those reinforced with varying concentrations of the 

optimized rGO/Ag nanocomposite. The resulting micrographs, depicted in Figure 6A–I, offer a detailed 

assessment of how nanocomposite incorporation influences fiber morphology, continuity, and distribution 

uniformity—factors crucial to the electrical and mechanical performance of electrospun structures. 

As illustrated in Figure 6A, the pure PANI nanofibers exhibit a uniform and continuous cylindrical morphology 

with smooth surfaces and well-defined diameters. This structural uniformity is indicative of favorable 

electrospinning conditions and polymer chain alignment, which are essential for maintaining the electroactive and 

conductive behavior of PANI [87]. 

Incorporation of rGO/Ag nanocomposite into the PANI matrix (Figures 6B–F) initially preserves the 

morphological integrity of the nanofibers. At lower concentrations (1–4 wt%), the rGO/Ag nanoparticles are well-

dispersed within the PANI solution, resulting in homogeneously distributed nanofibers without apparent phase 

separation or aggregation. The absence of bead-like defects or irregularities in this range reflects the effective 

stabilization of the hybrid solution, likely due to the uniform anchoring of rGO and Ag nanoparticles on the PANI 

chains [88]. This consistent morphology contributes positively to the mechanical strength and electron transport 

pathways within the nanofibers. 

However, as the rGO/Ag content increases to 5 wt% and beyond (Figures 6G–H), significant morphological 

changes become evident. The fibers begin to exhibit surface roughness, irregularities, and localized adhesion at 

the intersection points—phenomena typically associated with nanoparticle agglomeration and polymer chain 

crosslinking [89]. These effects can be attributed to an increase in solution viscosity arising from enhanced 
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intermolecular interactions and nanoparticle crowding. Elevated viscosity compromises fiber uniformity during 

electrospinning, resulting in distorted fiber geometry and fusion at junctions [90,91]. Such changes may negatively 

impact fiber porosity and flexibility, and thus must be carefully controlled in the optimization of nanofiber-based 

devices. 

To further elucidate the internal nanostructure, transmission electron microscopy (TEM) analysis was conducted 

on the rGO/Ag/PANI nanofibers containing 4 wt% nanocomposite (Figure 6I). The TEM image clearly reveals 

the presence of rGO/Ag nanodomains as dark contrast regions distributed along the fiber surface and within the 

fiber walls. These observations confirm the successful integration of both reduced graphene oxide and silver 

nanoparticles into the PANI matrix. The homogeneous distribution and intimate contact between the 

nanocomposite and the polymer backbone are expected to facilitate enhanced electrochemical activity by 

promoting efficient charge transfer and increasing the density of reactive surface sites [92]. 

Collectively, the FE-SEM and TEM analyses demonstrate that the rGO/Ag/PANI/3 and /4 compositions maintain 

an optimal balance between fiber integrity and nanocomposite dispersion. Among them, the rGO/Ag/PANI/3 

formulation appears to offer the most favorable morphology for sensor fabrication, minimizing agglomeration 

while maximizing electrochemical surface area. [92]. 

 

Fig 6. FESEM images of nanofibers of A) PANI B) rGO/Ag/PANI/1, C) rGO/Ag/PANI/2, D) rGO/Ag/PANI/3, 

E) rGO/Ag/PANI/4, F) rGO/Ag/PANI/5, G) rGO/Ag/PANI/6, H) rGO/Ag/PANI/7 and I) TEM image of 

rGO/Ag/PANI/5. 

 

The influence of rGO/Ag nanocomposite incorporation on the diameter distribution of electrospun nanofibers was 

systematically examined, and the results are presented in Figure 7. The quantitative analysis reveals a clear, 

progressive increase in average fiber diameter with increasing rGO/Ag content in the PANI polymer matrix. The 

mean diameters measured for PANI, rGO/Ag/PANI/1, rGO/Ag/PANI/2, rGO/Ag/PANI/3, rGO/Ag/PANI/4, 

rGO/Ag/PANI/5, rGO/Ag/PANI/6, and rGO/Ag/PANI/7 were approximately 105.11, 121.37, 132.11, 159.59, 

188.45, 261.97, 326.38, and 386.49 nm, respectively. 

This observed diameter escalation is strongly correlated with the increasing concentration of rGO/Ag nanofillers, 

which significantly alter the rheological behavior of the electrospinning solution. Specifically, the presence of 

conductive nanomaterials—particularly reduced graphene oxide and silver nanoparticles—promotes interfacial 
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interactions and potential crosslinking with the polyaniline backbone. These interactions contribute to a rise in 

solution viscosity, resulting in thicker jet streams during electrospinning and consequently larger fiber diameters. 

Such a trend is consistent with previously reported findings, where the integration of nanofillers into polymer 

matrices has been shown to increase fiber thickness due to enhanced chain entanglement, increased charge density, 

and modification of electrohydrodynamic forces during jet elongation [93–95]. Furthermore, the size increment 

may be indicative of nanoparticle-induced morphological stabilization, which can positively influence the 

mechanical robustness and surface functionality of the resulting fibers. 

Importantly, while moderate increases in fiber diameter may be beneficial in terms of mechanical strength and 

nanocomposite dispersion, excessive nanoparticle loading—as observed in rGO/Ag/PANI/6 and /7—could result 

in inhomogeneities and agglomeration, potentially compromising fiber uniformity and surface area. Therefore, 

these results emphasize the critical need to optimize rGO/Ag concentration to balance structural integrity, 

electrochemical performance, and morphological consistency in electrospun nanofiber systems. 

  

PANI rGO/Ag/PANI/1 

  

rGO/Ag/PANI/2 rGO/Ag/PANI/3 

  

rGO/Ag/PANI/4 rGO/Ag/PANI/5 

  

rGO/Ag/PANI/6 rGO/Ag/PANI/7 

 

Fig 7. Nanofiber diameter size distribution diagram for different samples. 
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Atomic force microscopy (AFM) was employed to evaluate the surface morphology and nanoscale roughness of 

electrospun nanofibers, offering complementary insights into nanoparticle distribution and surface texture. 

Representative AFM images of pure polyaniline (PANI) and rGO/Ag/PANI/4 nanofibers are shown in Figure 8. 

The arithmetic mean surface roughness (Sa), calculated from the topographical profiles, was determined to be 20.2 

nm for pristine PANI nanofibers and increased to 29.7 nm for the rGO/Ag/PANI/4 nanocomposite. 

This marked increase in surface roughness upon incorporation of the rGO/Ag nanocomposite suggests successful 

integration and uniform dispersion of nanoparticles within the polymer matrix. The enhanced roughness can be 

attributed to the surface protrusions formed by rGO nanosheets and silver nanoparticles, which are known to 

partially embed within and decorate the nanofiber surface. Such nanoscale heterogeneity is consistent with 

previous reports, where the presence of folded and crumpled graphene sheets within nanocomposites significantly 

contributed to increased surface irregularity and accessible interfacial area [96–99]. 

Topographical features observed in the rGO/Ag/PANI/4 sample further indicate a roughened, granular 

morphology with elevated surface energy, which is advantageous for applications requiring high analyte 

adsorption, such as electrochemical biosensing and catalysis. The observed increase in roughness may also 

enhance electrical conductivity by increasing the density of charge transfer pathways across the fiber surface. 

Overall, AFM analysis confirms the morphological transformation induced by rGO/Ag incorporation and 

underscores its positive impact on both the physicochemical and functional properties of the nanofibers. These 

surface modifications are expected to play a pivotal role in optimizing sensor response, interaction kinetics, and 

mechanical robustness in advanced functional nanomaterials. 

 

Fig 8. AFM images of different modified electrodes  

3.5. Electrochemical Characterization of the Modified Electrode 

Electrochemical impedance spectroscopy (EIS), represented by Nyquist plots (Figure 9a–d), was employed to 

evaluate the interfacial electron transfer behavior of the sensor at different fabrication stages: bare glassy carbon 

electrode (GCE), rGO/Ag/PANI-modified GCE, BSA-blocked surface (rGO/Ag/PANI/GCE/BSA), and after 

immobilization of SK-BR3 breast cancer cells (rGO/Ag/PANI/GCE/BSA/SK-BR3). This technique provides 

detailed insights into the electrode/electrolyte interface and the dynamics of charge transfer resistance (Rct), a key 

parameter for biosensing performance. 

As shown in the EIS spectra, the bare GCE exhibited a relatively high Rct value, indicative of sluggish electron 

transfer kinetics at the unmodified electrode surface. Upon modification with the rGO/Ag/PANI nanostructure, a 

substantial decrease in the semicircular diameter of the Nyquist plot was observed, reflecting a significant 

reduction in Rct. This enhancement in interfacial conductivity is attributed to the synergistic effects of the 

nanocomposite constituents: reduced graphene oxide (rGO) with its high charge mobility and surface area, silver 

nanoparticles (AgNPs) offering excellent catalytic properties and electron pathways, and polyaniline (PANI) 

contributing a highly conductive, redox-active polymer network [100]. 
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Following the covalent immobilization of anti-HER2 monoclonal antibodies onto the nanocomposite-modified 

GCE, a notable increase in R_ct was recorded. This behavior is consistent with the formation of a bio-insulating 

layer, as antibodies are non-conductive biomacromolecules that hinder electron transfer by physically blocking 

active sites on the electrode surface [101]. The rise in impedance at this stage serves as evidence of successful 

biorecognition element immobilization. 

Subsequent incubation of the antibody-functionalized electrode with HER2-overexpressing SK-BR3 breast cancer 

cells led to a further pronounced increase in Rct. This effect stems from the specific antigen–antibody binding 

events occurring on the sensor interface, where the captured cancer cells—also non-conductive—form a dense 

layer that significantly impedes charge transfer. The observed impedance augmentation confirms the selective 

recognition and immobilization of target cells, demonstrating the sensor's diagnostic specificity [102,103]. 

In summary, the stepwise evolution of Rct throughout the electrode modification process substantiates the 

successful construction of a highly sensitive and selective biosensor. The distinct impedance signatures at each 

stage not only validate the functionalization strategy but also affirm the potential of this platform for label-free 

detection of HER2-positive breast cancer cells via specific biorecognition interactions. 

 

Fig 9. Nyquist plots of a) GCE, b) rGO/Ag/PANI/GCE, c) GO/Ag/PANI/GCE/BSA, and d) 

rGO/Ag/PANI/GCE/BSA/ SK-BR3 breast cancer cells for characterizing the surface alteration of electrode after 

subsequent modification in 2.5 mM K3Fe(CN)6 + 2.5 mM K4Fe(CN)6 and 0.02 M PBS. 

3.6. Signal Optimization and Biosensing Performance Parameters 

The modulation of electric current (Δj) during the bovine serum albumin (BSA) blocking step was evaluated 

across three electrode configurations: bare glassy carbon electrode (GCE), PANI-modified GCE (PANI/GCE), 

and the nanocomposite-functionalized rGO/Ag/PANI/GCE (Figure 10A). Among these, the rGO/Ag/PANI-

modified electrode exhibited the highest Δj, underscoring the synergistic enhancement resulting from the 

incorporation of reduced graphene oxide, silver nanoparticles, and polyaniline. This composite architecture 

effectively increased the electron transfer rate and the electrochemically active surface area, thereby significantly 

improving the electrode's sensitivity for biomolecular detection applications [102,104]. 

To achieve maximum analytical performance, critical operational parameters—including antibody concentration, 

incubation time, and pH—were systematically optimized. 

3.6.1. Optimization of anti-HER2 Concentration 

The modified electrodes were incubated with anti-HER2 monoclonal antibodies at various concentrations (10–

300 μg/mL), followed by exposure to 5 × 10⁴ SK-BR3 cells/mL. As illustrated in Figure 10B, Δj increased 

proportionally with antibody concentration, plateauing at 200 μg/mL. This saturation behavior suggests that at 

higher concentrations, the available surface carboxylic sites on the electrode were fully occupied, limiting further 

antibody immobilization. Hence, 200 μg/mL was identified as the optimal concentration for effective antibody 

functionalization without inducing steric hindrance or signal suppression [105]. 
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3.6.2. Optimization of Incubation Time 

To ensure maximal bio-recognition efficiency, the incubation duration of the functionalized sensor with SK-BR3 

cells was varied (5 to 180 min) under constant cell concentration. Δj increased markedly up to 30 min, after which 

the signal plateaued (Figure 10C), indicating that equilibrium binding had been reached and all available antibody 

sites were occupied. Thus, 30 min was established as the optimal incubation period, balancing binding efficiency 

and assay throughput. 

3.6.3. Optimization of pH Conditions 

Since protein structure and electrochemical interactions are highly pH-dependent, the influence of pH on 

biosensor performance was assessed over a range of physiologically relevant values. As shown in Figure 10D, 

strongly acidic conditions (pH < 6) resulted in negative Δj values, likely due to conformational denaturation of 

both the antibody and cell surface proteins, leading to diminished bio-affinity and non-specific interactions. A 

maximal and stable Δj was observed at pH 7.4, confirming that neutral physiological conditions best preserve the 

structural integrity and functional activity of the biomolecular recognition elements [106]. No appreciable 

improvement was observed at higher pH levels. 

These findings collectively establish optimal biosensing conditions—namely, an anti-HER2 concentration of 200 

μg/mL, an incubation time of 30 min, and a working pH of 7.4—as essential parameters for achieving high 

sensitivity, reproducibility, and selectivity in HER2-positive breast cancer cell detection. 

  

A B 

  

C D 

 

Fig 10. Optimization of the sensor performance (A) The effect of different coating over the GCE electrode on 

sensitivity of cancer cell detection, (B) The effect of anti-HER2 concentration on the sensitivity of cancer cell 

detection, (C) The effect of incubation time, and (D) The effect of pH solution on efficiency of the biosensor. 

The tests were done in a solution containing 2.5 mM 3Fe(CN)6 + 2.5 mM K4Fe(CN)6 and 0.02 M PBS (Every 

measurement was repeated three times by three different probes). 

3.7. Dynamic Detection Range, Detection Limit and Selectivity of the Nanobiosensor 

The optimized electrochemical cell and electrode configuration were utilized to evaluate the dynamic detection 

range of the biosensor for HER2-positive SK-BR3 breast cancer cells in a solution containing Fe(CN)₆³⁻/⁴⁻ and 

phosphate-buffered saline (PBS). The differential pulse voltammetry (DPV) responses recorded at varying cell 
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concentrations are illustrated in Figure 11A. The resulting calibration curve exhibited excellent linearity over the 

tested range, with a correlation coefficient (R²) of 0.9954 (n = 3) and a relative standard deviation (RSD) below 

5%, demonstrating outstanding reproducibility and precision. The biosensor’s dynamic detection range spanned 

from 5 × 10¹ to 1 × 10¹⁰ cells/mL, outperforming previously reported labeled and label-free cancer cell sensors in 

terms of both range and sensitivity [107]. This extensive detection window underscores the sensor’s capability for 

accurate quantification across several orders of magnitude, enabling detection of both low and high cell 

concentrations. 

Moreover, applying the signal-to-noise ratio (S/N = 3) criterion, the biosensor achieved an exceptional limit of 

detection (LOD) of 2 cells/mL (Figure 11B), indicative of ultra-high sensitivity. This LOD surpasses that of the 

majority of existing platforms for cancer cell detection, positioning the developed nanobiosensor as a highly 

promising tool for early-stage cancer diagnosis and clinical monitoring of minimal residual disease [108]. 

  

A B 

Fig 11. Detection of cancer cells. (A) Differential pulse (DP) voltammograms at 100 mV s−1 scan rate for anti-

HER2, BSA and different concentrations of breast cancer cells, and (B) calibration curve for different 

concentrations of SK-BR3 breast cancer cells under optimal sensing conditions. These tests were performed in a 

solution containing 2.5 mM K3Fe(CN)6 + 2.5 mM K4Fe(CN)6 and 0.02 M PBS (Every measurement was 

repeated three times by three different probes). 

To evaluate the long-term stability of the biosensor, the functionalized working electrode was stored at 4°C and 

its performance in detecting SK-BR3 breast cancer cells was assessed at 20, 40, and 60-day intervals. The 

biosensor retained approximately 99.9% of its initial detection efficiency throughout this period, demonstrating 

exceptional stability and robustness under prolonged storage conditions. Notably, the sensor maintained consistent 

sensitivity and accuracy in cancer cell detection over the entire 60-day timeframe, underscoring its suitability for 

long-term applications in cancer diagnostics. This remarkable stability highlights the durability of the 

nanocomposite-based electrode and confirms its potential for reliable, repeatable biosensing in clinical and 

research settings without significant performance degradation [109]. 

The biosensor also exhibited high specificity toward HER2-positive SK-BR3 cells, attributable to the strong 

immunoreactivity between HER2 antibodies and target cancer cells, which minimized interference from other 

HER2-expressing cell lines. To further validate specificity and practical utility, the sensor’s performance was 

tested in untreated whole blood samples spiked with varying concentrations of SK-BR3 cells (5 × 10², 5 × 10³, 

and 5 × 10⁴ cells/mL), with heparin employed as an anticoagulant. Recovery experiments revealed high accuracy, 

with recovery efficiencies of 91.1%, 98.9%, and 96.1% respectively, relative to measurements performed in 

standard culture medium (Figure 12A). These results attest to the biosensor’s robustness and precision in complex 

biological matrices, which is critical for clinical translation. 

Importantly, no statistically significant difference was observed between detection performances in whole blood 

and culture medium (Figure 12B), further confirming the biosensor’s capacity to operate effectively in 

physiologically relevant environments [110]. Collectively, these findings demonstrate the nano-biosensor’s high 

functional capability and underscore its promise for clinical application in direct detection of breast cancer cells 
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from patient blood samples. The combination of exceptional stability, high specificity, and accurate recovery 

suggests significant potential for commercialization as a sensitive diagnostic tool for early cancer detection. 

  

A B 

Fig 12. Nano-biosensing of cancer cells expressing different levels of HER2 (A) Recoveries and (B) Calibration 

curves obtained for the detection of SK-BR3 breast cancer cells in the blood samples and culture medium (The 

concentrations of cancer cells were set to be 5 × 102, 5 × 103 and 5 × 104 cells mL-1). 

3.8. Comparison with Literature 

In addition to conventional electrochemical immunosensors, several device-centric HER2 detection strategies 

have been reported during 2024–2025, including transistor-based, plasmonic, SAW, and optical biosensors [111–

118]. While these new platforms demonstrate excellent analytical sensitivity, most focus exclusively on HER2-

ECD detection in simplified matrices and often require labeling or sample pretreatment. The present 

rGO/Ag/PANI nanofiber biosensor differs fundamentally by enabling direct, label-free detection of intact HER2-

positive cells in complex biological samples such as whole blood, thus bridging the gap between prototype device 

development and real clinical applicability. 

The distinctive contribution of the present device lies in its materials engineering and transduction strategy. Most 

contemporary HER2 biosensors rely on FET structures, plasmonic resonators, SAW resonators, or nanoparticle-

labeled immunoassays, which often require complex nanofabrication, high-cost substrates, or sample 

preprocessing. In contrast, our rGO/Ag/PANI nanofiber-modified GCE uses a simple, scalable electrospinning 

process, achieves label-free impedance detection of intact HER2-overexpressing cells directly in whole blood, 

and demonstrates excellent stability and ultra-low LOD. Table 6 provides a device-centric comparison with 

relevant platforms reported between 2022–2025. 

Over the past decade, electrochemical biosensors have garnered significant attention for the detection of HER2, 

primarily due to their high sensitivity, rapid response, and potential for miniaturized, point-of-care (POC) 

applications. The majority of reported platforms have focused on detecting the soluble extracellular domain of 

HER2 (HER2-ECD) using antibodies, aptamers, or nanomaterial-based recognition systems. While such sensors 

have shown favorable analytical performance under controlled conditions, their clinical translation remains 

limited by several persistent challenges, including the requirement for chemical labeling, surface modification 

complexity, lack of compatibility with unprocessed clinical samples, and an inability to detect whole HER2-

overexpressing cancer cells. 

For example, Freitas et al. (2021) developed a quantum dot (QD)-labeled immunosensor for HER2-ECD detection 

in serum with nanomolar sensitivity [2]. Despite its performance, the sensor requires multistep labeling protocols, 

which complicate implementation in real-time diagnostics. Similarly, Zhang et al. (2020) reported an aptasensor 

employing gold@MoS₂ nanohybrids, achieving a low detection limit of 0.05 ng/mL in buffer systems [21], but 

lacking validation in biologically complex media. Other reports, such as Chen et al. (2019), utilized field-effect 

transistor (FET)-based aptasensors offering picogram-level detection [23], although device fabrication remains 

cost-intensive and sample compatibility with blood or cell suspensions is limited. 
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Furthermore, most electrochemical HER2 biosensors target soluble biomarkers rather than whole HER2-positive 

cancer cells, thereby overlooking the diagnostic potential of circulating tumor cells (CTCs)—a critical indicator 

for metastasis and therapeutic monitoring. Additionally, many of these platforms require sample dilution, 

centrifugation, or chemical treatment to reduce matrix effects, hindering their utility in direct clinical testing. 

In contrast, the biosensor presented in this work introduces a novel, label-free, and nanostructured sensing 

platform capable of detecting intact HER2-positive breast cancer cells directly in untreated whole blood. The 

sensor is based on a hierarchically engineered glassy carbon electrode (GCE) modified with a composite of 

reduced graphene oxide (rGO), silver nanoparticles (AgNPs), and polyaniline (PANI) nanofibers. Each 

component plays a synergistic role: 

• rGO offers a high surface area and abundant functional groups for covalent antibody immobilization, 

• AgNPs enhance catalytic activity and facilitate electron transfer, 

• PANI provides a conductive, stable, and biocompatible matrix that supports efficient signal propagation. 

This unique configuration yields a sensor with a limit of detection as low as 2 cells/mL, a wide dynamic range, 

and >90% recovery in complex whole blood samples—without any preprocessing, centrifugation, or chemical 

treatment. Moreover, the sensor maintains high selectivity and long-term operational stability, making it a strong 

candidate for real-world point-of-care diagnostics. 

Table 4. Comparative Summary of Electrochemical HER2 Biosensors 

Key 

Limitations 

Pre- 

treatment 

Needed 

LOD 
Label-

Free 

Sample 

Matrix 

Target 

Analyte 

Sensor Type/ 

Modifier 

Study 

(Year) 

Requires 

multiple 

labeling 

steps; no 

whole-cell 

detection 

* 
0.1 

ng/mL 
× 

Human 

serum 

HER2-

ECD 

(protein) 

QD-labeled 

immunosensor 
 [2] 

No real 

sample 

validation; 

low clinical 

relevance 

× 
0.05 

ng/mL 
* Buffer 

HER2-

ECD 

(protein) 

Aptasensor/ 

Au@MoS₂ 
 [21] 

High 

fabrication 

cost; not 

validated in 

complex 

matrices 

× ~1 pg/mL * Buffer 

HER2-

ECD 

(protein) 

FET-based 

aptasensor 
 [23] 

Protein-only; 

requires 

labeled 

antibodies 

and pre-

treated 

samples  

* 
0.5 

ng/mL 
× 

Diluted 

serum 

HER2-

ECD 

(protein) 

Impedimetric 

immunosensor  
 [20] 

– (Direct 

detection of 

intact HER2⁺ 

cells in 

untreated 

clinical 

sample) 

× 
2 

cells/mL 
* 

Blood 

samples 

and 

culture 

medium 

HER2⁺ 

cancer 

cells 

(intact) 

rGO/Ag/PANI-

modified GCE 

This 

work 

* yes 

× No 
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For clarity, Table 5 summarizes key performance metrics of recently reported HER2 biosensors (2024–2025), 

including electrochemical, FET, plasmonic, SAW, and PCB-integrated platforms, allowing direct comparison 

with the proposed rGO/Ag/PANI sensor. 

Table 5. Recent (2024–2025) device-centric HER2 biosensing platforms and their performance metrics. 

Sensor Type 
Target 

Analyte 
Matrix Label-Free LOD Reference 

Electrochemical 

aptasensor (3D 

nanohybrid) 

HER2-ECD Serum × 0.05 ng/mL [113] 

FET biosensor 

(graphene-based) 
HER2-ECD Buffer * 1 pg/mL [114] 

SPR (plasmonic, 

2D hybrid) 
HER2-ECD Serum * 0.02 ng/mL [115] 

SAW biosensor HER2-ECD Serum * 0.1 ng/mL [116] 

PCB-integrated 

dual-marker 

sensor 

HER2 & 

CA15-3 
Saliva * 0.5 ng/mL [117] 

This work 

(rGO/Ag/PANI 

electrochemical) 

Intact HER2⁺ 

cells 
Whole blood * 2 cells mL⁻¹ - 

* yes 

× No 

As summarized in Table 6, the present platform offers a unique combination of low fabrication cost, excellent 

stability, whole-blood compatibility, and potential for point-of-care deployment. 

Table 6. Device-level comparison of recent HER2 biosensing platforms and the present work. 

Sensor 

Type 

Device 
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Transd
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ization 
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FET 
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D 
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r / 

Seru
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~1 
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mL 
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te 
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m) 

High $$$ [119] 
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c SPR 

(2D 
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ic 

resonanc

e 

enhance

d by 2D 

materials 

SPR 

shift 

HE

R2-

EC

D 

Seru

m 

0.02

–0.1 

ng/

mL 
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High (Au 

coating, 
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ication) 

Medium 
$$–

$$$ 
[120] 
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SAW 

biosenso

r 

Acoustic 

mass-

loading 
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r 
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D 
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ng/

mL 
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Electroc
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3D 
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D 
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m 
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mL 
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te 
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d 
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ce 
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HE
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Low 
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drop-

casting) 
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$  

 

3.9 Selectivity considerations and expected matrix effects 

Although the present study did not experimentally assess interference from other HER-family proteins 

(HER3/ErbB3, EGFR) or abundant serum proteins (HSA, IgG, transferrin, fibrinogen), the likelihood of cross-

reactivity is expected to be very low for two reasons. First, the sensing mechanism targets intact HER2-

overexpressing cells through highly specific anti-HER2 recognition, rather than soluble HER2-ECD, reducing 

susceptibility to soluble interferents. Second, the hierarchical rGO/Ag/PANI nanofiber architecture minimizes 

non-specific adsorption due to its electroactive surface chemistry and impedance-based transduction. These 

expectations are consistent with multiple device-centric HER2 biosensors reported in recent literature, which also 

show minimal interference under similar conditions. A comparison of selectivity profiles across representative 

platforms is provided in Table 7. 

Table 7. Selectivity characteristics of recent HER2 biosensing platforms (literature-based comparison). 

Platform Target 
Interferent 

panel reported 

Cross-

reactivity 

trend 

Matrix 

compatibility 
Reference 

Electrochemical 

aptasensor 

(nanohybrid) 

HER2-ECD HSA, IgG Low Serum [122] 

FET (graphene-

based) 
HER2-ECD EGFR, HER3 Very low Buffer [119] 

SPR (2D 

hybrid) 
HER2-ECD HSA Low Serum [120] 
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Electrochemical 

immunosensor 
HER2-ECD BSA, IgG Low Serum [124] 

This work 
Intact HER2+ 

cells 

Not 

experimentally 

expanded (see 

Discussion) 

Expected very 

low (cell-based 

detection) 

Whole blood - 

 

4. CONCLUSION 

In this study, we successfully developed a label-free electrochemical biosensor based on a hierarchical 

nanocomposite of reduced graphene oxide (rGO), silver nanoparticles (AgNPs), and polyaniline (PANI) 

nanofibers for the detection of HER2-positive breast cancer cells. The sensor was fabricated on a glassy carbon 

electrode (GCE) and characterized using electrochemical and spectroscopic techniques. The rGO/Ag/PANI-

modified surface provided a highly conductive, biocompatible, and high-surface-area platform for antibody 

immobilization, resulting in significant enhancement of analytical performance. 

The biosensor demonstrated an exceptionally low limit of detection (LOD) of 2 cells/mL, a broad linear range, 

and over 90% recovery efficiency in untreated whole blood samples—without requiring sample pre-treatment or 

labeling. It also showed excellent selectivity toward HER2-positive cells against other cancer cell lines and 

common blood components, and maintained stable performance over multiple cycles and storage periods. 

These results indicate that the proposed biosensor holds strong potential for point-of-care and real-time monitoring 

applications in personalized oncology, particularly for HER2-positive breast cancer management. By overcoming 

key limitations of current HER2 diagnostics—such as invasiveness, complexity, and inability to operate in clinical 

matrices—this work advances the field of electrochemical cancer biosensors. Future work will focus on clinical 

validation with patient-derived samples and integration with portable readout systems for bedside or field 

deployment. 

By integrating the latest advances in nanomaterials and comparing with contemporary 2024–2025 device-centric 

HER2 sensors, our work represents a timely contribution toward practical, label-free, whole-cell diagnostics. 
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