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Abstract


Lung cancer remains one of the deadliest cancers worldwide, which highlights the urgent need for new diagnostic tools to detect reliable biomarkers. To enable scalable and cost-effective production, we developed reusable PDMS stamps patterned with electrodes to print flexible electrodes on PET substrates using a microcontact printing (µCP) approach. PET was chosen not only for its flexibility but also as a more sustainable alternative to conventional rigid materials. On these electrodes, three sensing platforms were tested for neuron-specific enolase (NSE) detection: APTES-based monolayers, electrospun PVA/alginate nanofibers, and electropolymerized polypyrrole (PPy) films. Voltammetric and fluorescence/AFM analyses confirmed that all three platforms could recognize the target analyte, with the PPy-CdTe configuration showing the strongest signal variation. Impedance spectroscopy further supported this finding, revealing a clear linear correlation between charge transfer resistance (RCT) and NSE concentration. The PPy-CdTe sensor demonstrated high sensitivity and consistent performance for NSE detection, achieving a detection limit (LOD) of 8.05 pg·µL−1 and a quantification limit (LOQ) of 26.84 pg·µL−1.
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1. Introduction


Every year, millions of new cases of lung cancer (LC) are detected, rendering it one of the leading causes of cancer-related deaths globally. The aggressive nature of the disease and late identification are the leading causes of its high death rate. Despite progress in oncological studies, early detection of lung tumors remains a clinical challenge. The complexity of the disease and the variability of its early symptoms hinder timely intervention [1]. The global economic impact of LC is substantial, representing billions of dollars in direct medical costs, lost productivity, and the strain on social support systems.



Traditional diagnostic methods for LC, such as imaging techniques (e.g., CT, PET scans) and tissue biopsies, are reliable but come with significant limitations. They are not suitable for inclusion in continuous or early screening programs because of the need for specialist individuals and frequent exposure to ionizing radiation [2]. When therapeutic intervention is most beneficial, these approaches frequently miss cancers in their early stages. Thus, the creation of substitute diagnostic instruments that are less intrusive, easier to use, and capable of identifying LC at an early stage is crucial.



Biosensors are a potent tool for the development of point-of-care diagnostic devices when combined with novel materials and innovative manufacturing processes [3]. In oncology, the ability of biosensors to detect specific biomarkers in biological fluids without the need for invasive samples is highly beneficial. Due to their low cost, sensitivity, and ease of miniaturization, they hold promise as an early detection tool for diseases [4]. When it comes to transforming biological interactions into electrical signals, these devices are highly selective.



Identifying accurate and targeted biomarkers is essential to the functionality of biosensor devices. The enzyme neuron-specific enolase (NSE), which is involved in glycolytic metabolism, is one such biomarker with excellent diagnostic value for LC. Small-cell lung carcinoma has been reliably linked to elevated NSE levels [5]. NSE is an appropriate option for biosensor integration, as it is a soluble and detectable protein that can be efficiently detected in serum. It is used as a biomarker for disease monitoring due to its overexpression in specific subtypes of lung cancer. The integration of NSE into new diagnostic platforms has been the subject of multiple research projects in recent years [6,7]. For instance, Lin and his team developed a calibration-free method to analyze the active concentration of NSE using surface plasmon resonance [8]. The LOD was found to be 1 nM, becoming a valuable and straightforward strategy for specific biomarker detection. Recently, Chen et al. developed a label-free immunoassay based on chemiluminescence-functionalized magnetic mesoporous nanoparticles for the detection of NSE [9]. With advantages such as magnetic separation and mesoporous loading, the proposed method presented an LOD of 2.3 × 10−14 g/mL.



μCP, or microcontact printing, has gained popularity as a patterning approach for producing robust and effective biosensors. With this soft lithography method, functional materials can be accurately placed onto a substrate by using a patterned stamp [10]. The low cost and versatility of μCP make it particularly attractive for large-scale, environmentally friendly manufacturing. μCP ensures high-performance sensing surfaces in electrochemical biosensing by permitting the controlled deposition of biomolecules, conductive polymers, and nanomaterials [11]. Due to its compatibility with a variety of substrates, including flexible materials, it is more versatile in wearable diagnostics and biological devices [12].



Biosensor platforms based on flexible substrates have gained attention for their use at the point of care, ease of preparation, transport, and multiple analysis options. For example, Song and coworkers recently developed a biosensor platform for microRNA-21, which is released in lung cancer, using a flexible substrate prepared on carbon paper modified with graphdiyne and gold nanoparticles [13]. As a result, they obtained an LOD of 32.3 aM, using the assistance of a mobile phone. In another study, Shankar and his team developed an electrochemical biosensor based on a ZrS3@rGO nanocomposite using cotton thread as a flexible substrate [14]. Presenting the cytoskeleton-associated protein 4 (CKAP4) as a lung cancer biomarker, the developed sensor showed a LOD of 6.25 pg·mL−1. Another study by Li created a flexible biosensor based on a nanocomposite-hydrogel with Ag nanocubes [15]. Using SERS and colorimetric analysis, the biomarker hexanal—a new potential biomarker for lung cancer—was detected with noticeable sensitivity, with a LOD of 3.34 × 10−13 M.



We report on the development of flexible electrochemical biosensors fabricated on polyethylene terephthalate (PET) substrates using μCP. These sensing platforms were designed for the rapid and sustainable detection of NSE. The use of flexible PET substrates offers advantages such as low cost, mechanical resilience, and adaptability to various surfaces, including skin. Combined with μCP, the fabrication process of these electrodes becomes scalable and environmentally conscious. This study highlights a versatile approach with broad implications for multiplexed and accessible biomedical sensing. Further signal enhancement is achieved by incorporating advanced nanomaterials, including cadmium telluride (CdTe) quantum dots, electrospun polymer nanofibers, and conductive polymers such as polypyrrole (PPy). These nanostructures enhance the surface area, improve electron transport, enable specific biorecognition, and optimize analytical performance. This multi-functional integration strengthens the biosensor’s capability to detect NSE at clinically relevant concentrations.




2. Materials and Methods


2.1. Materials


Polyethylene terephthalate (PET) was obtained from GoodFellow Cambridge Limited (Lille, France). SYLGARD 184 polydimethylsiloxane (PDMS) silicone elastomer kit, consisting of a base and a curing agent, was purchased from Merck/Dow Chemical Company (Paris, France). Polyvinyl alcohol (PVA), sodium alginate, iron III nitrate nonahydrate, thiourea, 45–150 μm iron powder, 1-octadecanethiol (ODT), trichloro (1H, 1H, 2H, 2H-tridecafluoro-n-octyl) silane (TFOCS), ethanolamine, 3-mercaptopropyl-trimethoxysilane (MPTS), pyrrole, cadmium telluride quantum dots (CdTe), potassium ferrocyanide, potassium ferricyanide, glutaraldehyde, N-hydroxysuccinimide (NHS), and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) were obtained from Merck/Sigma Aldrich (Paris, France). Neuron-specific enolase (NSE) recombinant antigen (ref: ab78797), polyclonal (ref: ab53025), and monoclonal (ref: ab202227) antibodies (capture and detection, respectively) were obtained from Abcam (France). CYFRA 21-1 recombinant antigen (Ref: MBS537751-0.1 mg) was purchased by My Biosource (Paris, France). Human interleukin 6 (IL-6) was obtained from R&D Systems (Paris, France). Ultrapure deionized water used in the experiments was obtained from an ELGA PURE LABWATER system.




2.2. Fabrication Process of the SU-8 Master Mold and Replica Molding


A design incorporating microelectrodes was used to create silicon masters in the Centro Nacional de Microelectrónica (IBM-CSIC) clean room (Figure S1). The structure height was carved between 10 and 30 μm. Master microstructures with negative superficial structures were created by defining the microstructures on the surface of the microelectrode mold. Using well-established photolithography procedures, the applied masters were made by patterning the surface with a photoresist. When using replica molding for imprinting, this enables the creation of a positive structure in the PDMS surface.



The microelectrode masters, following silicon dicing, were treated with TFOCS to prevent them from permanently attaching to PDMS after curing. Here, a vacuum desiccator was used to create a TFOCS monolayer via vapor deposition on the surface of the silicon master for 2 h. Following that, silicon masters were baked at 110 °C for 25 min to remove silane excess. Then, the silicon masters were silanized and prepared for molding into replicas.



The replica molding technique was used to create PDMS duplicates from the silicon mold. Figure S2 shows the stepwise fabrication of the PDMS stamp. The mold was composed of two parts: a magnetic part and another containing the electrode patterns. After mixing the curing agent and PDMS at a 10:1 (w/w) ratio, the mixture was poured over the silicon mold. The remaining air bubbles in the polymer mixture were subsequently eliminated by degassing the PDMS, which was cured for 30 min at 80 °C. The finished outcome from this process was a polymerized and rigid PDMS. The exact process was performed for the magnetic layer, where 7.5 g of iron powder was mixed and homogenized with an equal volume of prepolymer, then added to the PDMS containing the electrode patterns. The PDMS was separated from the master once it had cooled to room temperature, revealing the electrode design on its surface and inside, as well as the magnetic component for use in electrode manufacturing.




2.3. Electrode Fabrication Through Microcontact Printing


The electrodes were initially prepared by cutting the PET sheets into 10 cm diameter circles using a ROLAND GS 24 Cutter and CutStudio software. Subsequently, to increase gold adhesion, the PET was pretreated with MPTS in a desiccator for 1 h. Finally, a gold coating was carried out for 180 s using physical vapor deposition (PVD). Subsequently, the magnetic stamp was functionalized with 2 mM 1-octadecanethiol (ODT) prepared in absolute ethanol for 10 min and then dried using nitrogen. The PDMS stamp with the electrode design was immersed in a solution of ODT (2 mM) prepared in absolute ethanol for 20 min. Afterwards, the stamp was dried with nitrogen and introduced into the INNOSTAMP 40 equipment, where the functionalized magnetic stamp and the gold-coated PET were placed in an automated process that resulted in conformal contact with the PDMS on the PET substrate. The printing involved stamp-substrate contact for 2 min and a pressure of approximately 1800 N. The entire µCP process using INNOSTAMP 40 is illustrated in Figure S3. Following this, the substrate is functionalized with ODT and then undergoes a wet etching treatment.



The self-assembled monolayer (SAM) of ODT acted as a mask, protecting the gold with the electrode pattern. Conversely, the unprotected gold was removed by a solution composed of 45 mM ferric nitrate and 75 mM thiourea. Figure S3 shows the activity of ferric nitrate and thiourea as a function of time, as well as the finished PET electrodes and their dimensions. A 10-min period is sufficient for obtaining well-defined gold electrodes. As seen in Figure S4, the electrode dimension. Additionally, another advantage of µCP is that it enables the scalable production of electrodes on low-cost, readily available, and recyclable substrates, such as PET.




2.4. Immunosensor Platform Assembly Process and Bioactivity Assays


Initially, flexible and miniaturized gold electrodes produced using the µCP technique underwent plasma cleaning to remove ODT residues from the electrode. Subsequently, three sensing platform strategies were used: electrospun nanofibers (PVA/Alg-CdTe nanofiber), APTES self-assembled monolayers (APTES-CdTe), and an electropolymerized polypyrrole (PPy-CdTe) layer. A schematic representation of the developed platforms is shown in Figure 1.



PVA/alginate nanofibers were produced by electrospinning using a Spraybase instrument. A 16% PVA and 2% alginate formulation prepared in deionized water was homogenized at a 3:1 ratio, followed by the addition of CdTe quantum dots (100 µL). The inclusion of CdTe QDs was intended to increase the electroactive surface area and enhance electron transfer between the polymeric network and the electrode interface, as further confirmed by the electrochemical characterization. The solution was then inserted into a 25 mL syringe and coupled to an infusion pump with a fixed flow rate of 60 µL/h. The voltage used 15 kV was supplied by a high-voltage source. The syringe was then inserted into a needle with an internal diameter of 0.5 mm. For nanofiber formation, a grounded electrode was connected to a metal collector covered with aluminum foil, where the electrodes were placed. The nanofibers were collected at a fixed distance of 15 cm between the needle tip and the collector. These parameters were optimized to obtain uniform, bead-free nanofibers. The electrospinning process was performed at 21 ± 2 °C under controlled humidity. Due to its hydrophilic nature, PVA is extremely unstable in aqueous solutions. After obtaining the nanofiber-coated electrodes, the nanofibers were cross-linked to stabilize them after contact with water and other solvents The electrodes were incubated in an acetone solution containing 1% ethanol, 2% glutaraldehyde, and 1 M HCl for one minute. This reaction promoted covalent bonding through the formation of acetal ring that took place between the hydroxyl groups of PVA and aldehyde groups of glutaraldehyde. The electrodes were then thoroughly cleaned with deionized water to remove unreacted reagents [16]. The surface was activated using 2 µL EDC/NHS coupling agents (0.4 M and 0.1 M, respectively) to convert carboxyl groups from the QD–PVA/alginate network into active esters, favoring amide bond formation with the amine groups of the antibody. Finally, 2 µL of the anti-NSE antibody (10 µg·µL−1, prepared in phosphate buffer pH 7.4) was incubated on the surface of the polymeric platform for 30 min, ensuring uniform coverage across the nanofiber network.



The polypyrrole (PPy) layer was produced via electropolymerization using cyclic voltammetry (CV). Initially, 25 mM pyrrole was prepared in 0.5 M HCl (15 mL) and homogenized using an ultrasonic bath, followed by 10 min of magnetic stirring to ensure complete monomer dispersion. Three CV cycles were applied between −0.4 V and +1.4 V at a scan rate of 50 mV·s−1, resulting in a homogeneous and adherent black polymeric film. The presence of the PPy layer increased conductivity and provided reactive nitrogen sites for further functionalization. Then, 2 µL of the EDC NHS-activated CdTe (1:1) was adsorbed, followed by 2 µL of the anti-NSE antibody incubation (10 µg·µL−1, 30 min). Then, the electrode was rinsed with deionized water to remove unbound antibodies.



Finally, for the APTES-modified gold electrodes, the surface was pretreated in 1% KOH to generate hydroxyl groups, facilitating silane coupling. Next, 2% APTES prepared in toluene was used to functionalize the electrode immobilization area (~3 mm in diameter), with a 2 µL drop applied onto the electrode. After that, the electrodes were heated to 100 °C for 15 min in an oven to stabilize the self-assembled monolayer that had formed. Then, 2 µL of CdTe was adsorbed to the electrode and activated with 2 µL of EDC NHS (0.4 M and 0.1 M, respectively). This was followed by 2 µL of anti-NSE amine antibody (10 µg·µL−1), incubated for 30 min at 4 °C. The controlled temperature preserved the antibody’s tertiary structure and binding activity. All electrodes were fabricated in triplicate under identical conditions to assess reproducibility. The combination of polymeric matrices and CdTe QD incorporation significantly improved charge transfer kinetics and biomolecule loading capacity, which is directly reflected in the electrochemical response discussed in the following section. CdTe QDs were employed in minimal amounts as a key to immobilize the antibody. The fabrication and handling steps were performed under controlled laboratory conditions, following standard safety procedures to minimize exposure to hazards. CdTe QDs were incorporated because of their well-known ability to increase the effective surface area, provide functional groups for biomolecule immobilization, and facilitate charge transfer at the electrode interface. On our platform, they primarily functioned as nanostructured scaffolds to immobilize anti-NSE antibodies in a more oriented and accessible manner [16], rather than for direct biological or in vivo applications. It is worth noting that several strategies have been reported to mitigate the risks associated with Cd-based quantum dots, such as encapsulation within biocompatible polymers or silica shells [17] or substitution by less toxic alternatives such as carbon dots or graphene quantum dots [18]. In future work, we plan to explore these approaches, particularly the replacement of CdTe QDs with more biocompatible nanomaterials, to advance our understanding of other biomedical and sensor applications.



Through interaction studies of the PPy-CdTe, APTES-CdTe, and PVA/Alg-CdTenanofiber platforms against the NSE antigen, which was prepared in PBS pH 7.4 at varying concentrations (1 pg to 100 pg·µL−1), the bioactivity of the developed biosensors was assessed. The biosensors were adsorbed to the working electrode, which had been functionalized with the sensor platform, for 10 min, and subsequent electrochemical analysis was then performed. The sensors were stable for one week in refrigerated storage, presenting a standard deviation of up to 9%.




2.5. Optical, Topographical, and Physicochemical Analyses


An Agilent Cary 630 FTIR spectrometer (Agilent Technologies, Rowville, Australia) with a diamond attenuated total reflectance (ATR) accessory was used to perform Fourier transform infrared (FTIR) spectroscopy of the nanostructured material. Spectra were obtained over the 4000–650 cm−1 range at a resolution of 2 cm−1, under room temperature conditions.



The hydrophilicity of the produced µCP electrodes, PPy layer, and nanofiber surface was examined using a sessile drop contact angle test at room temperature. This was accomplished by assembling the µCP gold electrodes with nanostructure platforms onto the sample holder and automatically dripping 3 μL of deionized water onto the electrode surface. As soon as the droplets stabilized (5 s), pictures of the droplets on the functionalized electrode surface were taken. To determine the average contact angle, the experiment was run five times for each platform.



The thermogravimetric analyzer (TGA) (Q50 series, TA instruments (Guyancourt, France)) was used to investigate the thermal behavior of electrospun nanofibers with various ratios, with a heating rate of 10 °C/min in the 20–1000 °C range under a nitrogen environment at a flow rate of 90 mL/min.




2.6. Electrochemical Characterization


Electrochemical analyses were performed using a PalmSens 4 potentiostat. The experiments were conducted in an electrochemical cell produced by ISA for electrochemical analysis, as seen in Figure S5. A three-electrode setup submerged in a solution of 10 mM K4[Fe(CN)6]/K3[Fe(CN)6] (1:1, v/v) made in phosphate-buffered saline (PBS) at pH 7.4 was used for electrochemical experiments. A platinum wire served as the counter electrode, the microcontact printed electrodes served as the working electrode, and a silver/silver chloride (Ag/AgCl) electrode saturated with 3 M KCl served as the reference electrode.



CV was performed with a potential range of 0.7 V to −0.4 V and a scan rate of 50 mV.s−1, aiming to determine the anodic (iPA) and cathodic (iPC) peak currents. EIS impedance spectra were recorded over a frequency range from 100 mHz to 100 kHz and a sine wave potential amplitude of 25 mV. EIS data were explored and adjusted, primarily charge transfer resistance (RCT) values, using PSTrace 5.9 software with OriginPro 9 to obtain values corresponding to the Randles equivalent circuit. All experiments in this work were performed in triplicate and with a relative standard deviation (RSD) of ±5%. Additionally, the electrode-to-electrode variation has an RSD of less than ±5%.





3. Results and Discussion


3.1. Morphological and Fluorescence Characterization


3D AFM images are presented in Figure 2. Furthermore, to obtain comprehensive roughness data, measures including average roughness (Ra) and root mean square roughness (RMS) were employed. The surface of the gold electrode (Figure 2a), produced by microcontact printing on the PET substrate, presents a homogeneous and well-defined pattern characteristic of the microstructure transfer process, with a maximum height of 10.4 nm. The image reveals continuous regions of metal film deposition, with flat areas and low relative roughness, indicating good adhesion of the gold to the support polymer (Ra = 0.53 nm; RMS = 0.77 nm). This behavior is crucial for ensuring reproducibility in sensor applications, as the quality of the gold layer directly impacts the immobilization of biomolecules and the subsequent electrochemical response.



As seen in Figure 2b, the surface formed by the electrospun PVA/alginate nanofibers exhibits a highly intertwined morphology with continuous fibers, with a mean height of 57 nm. A porous, interconnected three-dimensional network is observed, which contributes to increased surface area and, consequently, enhances the platform’s functionalization potential (Ra = 2.95 nm; RMS = 4.25 nm). This structure favors the transport of target molecules and the diffusion of electrolytes.



Next, an enlarged view of the nanofibers electrodeposited on gold is shown (Figure 2c). The nanofibers exhibit good adhesion to the conductive substrate, forming a hybrid coating that combines the high surface area of the polymer with metallic conductivity. The topography shows fibers covering the metallic surface, creating regions of intimate contact between the gold and the polymer matrix, revealing Ra = 2.95 nm and RMS = 4.25 nm. This hybrid configuration favors both the anchoring of bioactive molecules and the mechanical and electrical stability of the platform. The PPy film electrodeposited on gold has a maximum height of 48 nm, forming a continuous and adherent layer (Figure 2d). The morphology reveals a typical granular structure and roughness that significantly increases the electrode’s active surface area, favoring electronic kinetics and surface functionalization. The relatively thin thickness helps maintain electrochemical sensitivity while ensuring mechanical stability and film integrity (Ra = 4.29 nm; RMS = 5.65 nm).



Studies integrating biomolecular interactions have improved with the sensitive and versatile use of fluorescence, particularly when evaluating the affinity between antigens and antibodies. The method significantly expands our understanding of the immobilization, recognition, and detection stages by enabling direct visualization of these events on the surface of biosensors. Fluorescence was added as a supplementary technique to the biosensors designed for this study to confirm the existence of the biocomponent and track the specificity of immunological recognition.



To confirm the formation of antigen–antibody complexes on the proposed sensor devices, Alexa Fluor® 594-conjugated anti-NSE detection antibody was utilized. Fluorescence measurements demonstrated that the biosensors were capable of binding both the labeled antibody and the target analyte. The resulting fluorescence images (Figure 3) revealed distinct emission profiles depending on the surface modification strategy employed. A modest fluorescence signal was seen on the APTES-modified surface, primarily toward the edges of the sensing area. APTES requires the presence of a small percentage of water to achieve hydrolysis and subsequent silanol condensation. In our experiments, controlled humidity during the procedure allowed partial hydrolysis in toluene, enabling covalent attachment of APTES to the surface. In this sense, silanization with APTES can present reproducibility challenges, which may explain the less pronounced performance of this platform compared to the others. This implies low immobilization efficiency or uneven surface coverage, which could be triggered by inadequate biomolecular anchoring or a lack of available amine groups. The nanofiber-based sensor, on the other hand, demonstrated a noticeably stronger and more uniform fluorescence throughout the sensor surface, suggesting efficient and extensive biomolecule attachment. Additionally, the intense fluorescence around the borders suggests excellent surface reactivity and retention of good biological activity. Likewise, there were noticeable hotspots scattered around the surface of the PPy-coated platform, which displayed strong fluorescence emissions. This implies that the conductive polymer’s porous and electroactive properties not only provide effective immobilization but also offer the potential for a more stable biomolecular connection.




3.2. Wettability and ATR-FTIR Measurements


The contact angle (Figure S6) was used to measure surface wettability, enabling the assessment of topographical and chemical changes following the functionalization of gold electrodes produced by microcontact printing on a PET substrate. With CA values of 83.7° (left) and 83.4° (right), the freshly prepared gold surface (Figure S6a) exhibited a prominently hydrophobic character, consistent with the low surface energy and nonpolar nature of clean gold [19].



Functionalization with APTES monolayers (Figure S6b) resulted in a significant reduction in the contact angle to 56.0° (left) and 53.7° (right), demonstrating an increase in moderate hydrophobicity to a more hydrophilic character, attributed to the presence of protonatable amine groups and silane chains that increase surface polarity [20]. Due to the high concentration of hydroxyl and carboxyl groups in PVA and alginate, which promote interactions with water molecules, the surfaces coated with PVA/Alginate nanofibers had contact angles of 44.3° (left) and 47.6° (right) (Figure S6c), indicating increased hydrophilicity [21]. The coating with electrodeposited polypyrrole exhibited a very hydrophilic surface, resulting in a substantial reduction in the contact angle, which was measured at 25.4° (left) and 14.4° (right) (Figure S6d). This behavior is linked to polypyrrole’s characteristic roughness and conductive character, as well as the presence of nitrogenated groups that increase the surface energy [22]. The trend of clean gold electrode > APTES > PVA/alginate nanofibers > PPy suggests that surface topography and chemical modification work in accordance with modulate wettability, which has a direct impact on the anti-NSE antibody immobilization procedures and the functionality of the developed biosensors.



The FTIR spectra of the APTES, nanofiber, and PPy-modified gold-coated PET surface are shown in Figure 4. The Si-O-Si longitudinal optical (Si-O-Si LO) and transverse optical (Si-O-Si TO) stretching modes are represented by the band peaks at approximately 1118 cm−1 and 1040 cm−1, respectively [23]. CH2 stretching and NH2 bending are attributed to the bands in the 2800–2980 cm−1 and 1400–1600 cm−1 regions, respectively [24]. Additionally, it was found that unhydrolyzed ethoxy moieties in APTES (–OCH2CH3) give rise to a vibrational mode at about 1199 cm−1 [25]. Regarding the PPy layer, FTIR data showed peaks at 793 and 920 cm−1, which were attributed to C-H wagging [26]. The C=N and C-N bonds are represented by the peaks that appear at 1692 and 1308 cm−1, respectively [27]. Moreover, FTIR spectrum analysis indicates that PPy is present for C-H vibrations at 1238 cm−1 and 1037 cm−1, whereas C-H stretching is observed at 867 cm−1 [28].



For the FTIR of the PVA/alginate blended nanofibers, particular -OH peaks that extend to around 3300 cm−1 were observed. This provides compelling evidence in favor of the suggestion that the hydroxyl groups of PVA and alginate could form a hydrogen bond. Consequently, adding PVA may increase the electrospinnability of alginate by moderating the interaction between its macromolecules [29]. At 1420 cm−1, symmetric -COO appears. Furthermore, the CH2 and -CHO spectra are located at 2946 and 2907 cm−1, respectively [30]. At wavenumber 1720 cm−1, the FTIR test result displays the C─O stretching of the carbonyl group [31]. The C-O stretching asymmetry functional groups of the alginate-PVA fibers are located at 1606 cm [32]. The C─O stretching function also reveals wavenumbers of 1026, 1088, and 1256 cm. The CH2 bending and wagging vibrations are represented by the absorption bands seen at 937 and 836 cm−1, respectively [33].




3.3. XRD and TGA Analysis


Figure S7 shows the X-ray diffractograms for PVA powder (green line), alginate powder (red line), and nanofibers obtained from the PVA/alginate blends (black line). The PVA diffractogram exhibits a characteristic diffraction peak at approximately 2θ ≈ 19.5°, associated with its semicrystalline phase. This phase is attributed to the ordered packing of the polymer chains and the presence of crystalline regions stabilized by intramolecular hydrogen bonds [34]. Sodium alginate exhibits an essentially amorphous profile, as evidenced by the broad band centered in the 13–14° range and a less pronounced peak at approximately 2θ ≈ 40°, indicating a semi-crystalline structure, in agreement with data previously reported for anionic polysaccharides [35].



Regarding PVA/alginate nanofibers (black line), a notable expansion of the PVA characteristic peak and a significant decrease in intensity are noted, suggesting that the material’s degree of crystallinity has decreased following the electrospinning procedure. This reduction in crystallinity is frequently attributed to the interaction between the carboxylate groups of alginate and the hydroxyl groups of PVA, which supports a higher amorphous proportion and a less orderly reorganization of the polymer [29]. The fibers’ rapid solidification can also enhance this effect during electrospinning, which reduces the time available for crystalline domains to form.



Thermogravimetric analysis (TGA) was employed to investigate the thermal stability of PVA/alginate nanofibers before and after the crosslinking process using a 2% glutaraldehyde solution. In the uncrosslinked material (Figure S8a), the thermal profile showed three main mass loss events. The first, at around 140 °C, corresponds to a loss of 3.6%, attributed to the evaporation of physically absorbed water that is weakly bound to the polymer matrix [36]. The second, more pronounced event, occurs between 260 and 530 °C, with a loss of 85.4%, and is associated with the simultaneous degradation of the PVA and alginate chains by cleavage of glycosidic bonds and dihydroxylation [37]. The final residue, approximately 2.5% at 750 °C, represents the remaining stable carbonaceous fraction.



A decrease in mass loss is seen in the first stage following crosslinking (Figure S8b) (9.4% at around 140 °C), suggesting a lower absorbed water content. This could be because free hydrophilic groups are reduced following the formation of covalent bonds via glutaraldehyde [38]. The first degradation stage shifts slightly to higher temperatures, resulting in a total loss of 86.8% up to approximately 500 °C. This suggests that the chemical entanglement of the polymer chains has increased thermal resilience. Since crosslinking modifies matrix carbonization, the final residue (1.0% at 750 °C) is marginally less than that of the non-crosslinked material. These results demonstrate that crosslinking not only reduces hygroscopicity but also enhances the composite’s thermal resistance, a desirable property for biosensor applications that operate in diverse environmental conditions.




3.4. Electrochemical Investigation of the Biosensing Platform


CV provides comprehensive information on surface changes and redox activity, rendering it a practical technique for assessing the functionalization of biosensor devices. CV tracks variations in the anodic (iPA) and cathodic (iPC) current peaks during the analyte detection and assembly procedure [39]. Electrochemical impedance spectroscopy (EIS) was also used to analyze the sensor platform’s interfacial characteristics at different stages of modification. Nyquist plots were used to depict the collected data; the real axis (Z′) shows the system’s overall resistance to current flow, while the imaginary axis (-Z″) is associated with the capacitance and charge storage processes at the electrode/solution interface. The experimental spectra were fitted using the Randles equivalent circuit, which allowed for the quantitative extraction of key electrochemical properties, particularly double-layer capacitance (CDL), charge transfer resistance (RCT), solution resistance (Rs), and Warburg impedance (Zw) [40].



Following the µCP procedure to obtain the electrodes, they were heated to 120 °C for 10 min to facilitate ODT removal. To improve wettability and enhance the immobilization of sensor components, plasma treatment was employed to clean the electrode and introduce -OH groups [41]. The viability of the µCP electrodes was examined electrochemically using three distinct immunosensing platforms for NSE detection following the manufacture and cleaning procedures. APTES monolayers, PVA/alginate nanofiber, and electropolymerized PPy platforms are the biosensors’ primary structural elements.



The biosensors assembly process was first analyzed using CV, as shown in Figure 5. Both anodic and cathodic peaks are well-defined on the clean electrode (black voltammogram). Both peaks on the nanofibers (Figure 5b) and APTES platform (Figure 5a) close after the first layer is formed. This action results from the self-assembled monolayer and polymer fibers, which partially block the current flow. The conductivity of the Ppy conductive layer, which is attributed to its strong electron affinity and a σ-π system that promotes electron mobility within the polymer structure, led to peaks rising on the PPy platform [42] (Figure 5c).



The Randles–Sevcik equation was used to calculate the active area [43]:   I p = K .   n   3 / 2   A   D   1 / 2     u   1 / 2   C  , where A is the electrode surface area in cm2, D is the diffusion coefficient in cm2 s−1 (7.20 × 10−6 cm2), K is the constant (2.69 × 105), C is the probe molecule in the bulk solution (10−6 mol cm−3), and u is the scan rate in V/s (0.050 V s−1). As a result, the APTES, polymer nanofiber, and PPy-modified gold electrode’s surface area was found to be 0.0473 cm2, 0.0284 cm2, and 0.0996 cm2, respectively. The electroactive area obtained for the three platforms reveals the essential differences associated with the physicochemical nature of the layers obtained. The Ppy-modified electrode presented the most significant area (0.0996 cm2), reflecting its high intrinsic conductivity, porous structure, and ease of electron transport, which facilitate access to the surface by redox ions. The APTES-modified platform (0.0473 cm2) presented a smaller active area, a result expected from the formation of a silane monolayer that, although promoting stable functionalization, imposes diffusion barriers and lower conductivity. The lower result for the nanofiber-modified platform (0.0284 cm2) may be attributed to the densification facilitated by the crosslinking procedure, which is necessary to stabilize the fibers in an aqueous solution. Although essential for preserving the nanofiber’s structural integrity, the crosslinking process decreases porosity and charge mobility at the interface, restricting analyte access to the conductive surface and consequently reducing the effective electroactive area.



Following antibody immobilization using EDC NHS coupling agents, the neutrally and positively charged NHS ester converted the terminal carboxylic groups of the QD-CdTe, facilitating the transfer of the redox probe to the electrode surface and thus leading to an increase in the IPA and IPC peaks (Figure 5, red voltammogram).



The immobilization of sensor platform components was also confirmed by EIS studies (Figure S9). Since they are directly proportional to the concentration of material bound to the working electrode surface, charge transfer resistance (RCT) values were selected as the primary parameter for assessing sensor assembly and determining the target analyte [44]. By analyzing RCT values, EIS best reflects a pattern associated with CV, where all platforms displayed decreased RCT following receptor immobilization, as seen on the Randles equivalent circuit for the sensor platforms in Table S1. In this sense, one can say that CV and EIS are comparable, as they are often used together to analyze sensor assembly processes [45]. The inclusion of QD-CdTe in the sensing matrix was strategically designed to enhance the electrochemical performance of the biosensor. Their semiconductor nature provides discrete energy levels that facilitate charge transfer between the polymeric film and the electrode surface, thereby improving the signal-to-noise ratio and sensitivity. Moreover, the QDs introduce carboxylic groups on the surface, which increase the available sites for covalent antibody immobilization through EDC/NHS chemistry. Comparative analyses between QD-modified and QD-free platforms confirmed that the quantum dots significantly improved the electron transfer resistance profile and signal linearity, thus justifying their incorporation in the final sensing architecture [18,46,47,48].




3.5. Bioanalytical Performance of the Biosensor


CV responses for identifying the NSE antigen are displayed in Figure 6a–c for APTES, nanofiber, and PPy platforms, respectively. Therefore, for the three sensor platforms under evaluation, an increase in the concentration of the target analyte was followed by a proportionate decrease in the voltammetric response and an increase in resistance for the impedimetric analysis. All platform options responded sensitively to low analyte concentrations. The platform featuring the conductive polymer PPy (Figure 6c) provided the most promising response for clinical applications. The polymer expanded the electrochemical reaction between different concentrations and improved conductivity, while also enhancing the contact surface between the analyte and the bioreceptor immobilized on the platform.



Figure 6d demonstrates the inverse relationship between the anodic peak current and the NSE biomarker concentration for the three platforms analyzed. This behavior is consistent with the gradual blockage of the active electrode surface due to the accumulation of the antigen–antibody complex, which reduces electron transfer [49]. The PPy-modified electrode exhibited the highest anodic currents at all concentrations, in addition to the best linearity (R2 = 0.99, y = −0.392x + 125.13), suggesting high conductivity and efficiency in biomolecular immobilization. The APTES platform exhibited an intermediate response (R2 = 0.90, y = −0.162x + 64.59), which is consistent with its good chemical stability but has lower intrinsic conductivity. Nanofibers exhibited the lowest currents, with R2 = 0.93 (y = −0.073x + 39.41), possibly due to their more porous structure, which increases the surface area but introduces greater resistance to charge transfer. The method’s sensitivity for NSE identification is supported by the linear trend observed across all platforms, and its significant R2 values indicate good reproducibility. The most promising material for electrochemical transduction, according to our data, is PPy; however, the other surfaces offer complementary possibilities that could be investigated based on their future applications.



Furthermore, the degree of antigen recognition by each designed sensing platform was evaluated by calculating the percentage of the anodic current variation’s relative deviation (ΔI) following CV analysis in the recognition of NSE [50]:   Δ I % =        I b − I a     I b    × 100  , where Ib is the anodic peak for the PPy-CdTe, APTES-CdTe, and PVA/Alg-CdTenanofiber sensing layer, and Ia is the peak current after the identification of NSE that led to antigen–antibody complexes. Results demonstrated a correlation between the target antigen and ΔI values as the concentration increased, as indicated in Table 1.



Based on the analysis of the voltammetric data, the PPy-CdTe-based sensor platform demonstrated superior performance compared to the others, as evidenced by higher anodic peak currents and a high linearity of response as a function of analyte concentration. These results indicate that the combination of polypyrrole with CdTe quantum dots enhances electrical conductivity and favors the efficient immobilization of recognition biomolecules, resulting in greater system sensitivity. Given this performance, the PPy-CdTe platform was selected for the subsequent characterization step using electrochemical impedance spectroscopy (EIS), aiming to evaluate the charge transfer mechanisms in more detail and assess the feasibility of its application in high-performance sensor devices.



The behavior of electrochemical resistance to different concentrations of the NSE antigen for PPy-CdTe platform is shown by impedimetric measurements. Figure 7 illustrates the positive correlation between these responses and rising analyte concentration. The resulting Nyquist plots revealed that the PPy-CdTe platform demonstrated the best response, with greater sensitivity to the NSE antigen and a linear response. When exposed to analyte samples, RCT and CPE values progressively increase, as shown in Table 2.



The CPE represented the electrical double layer for a non-ideal capacitor, such as the one obtained by the platforms. This behavior may be associated with greater disorganization of the interface or increased surface heterogeneity, a typical characteristic of porous conductive films that, when adsorbing biomolecules, change the charge distribution and non-ideal capacitance of the electrode/solution interface [51]. The Randles equivalent circuit data for fitted impedance results are shown in Table 2.



Furthermore, the relative variation in the RCT (ΔRCT) was assessed:   Δ   R   C T       %   =        R   C T   ( a n t i g e n )     −     R   C T   ( i m m u n o s e n s o r )         R   C   T   ( i m m u n o s e n s o r )          × 100  , where RCT(antigen) is the RCT value after NSE recognition and RCT(immunosensor) is the sensing platform’s electrochemical resistance. The PPy-CdTe sensing platform exhibited a coefficient of determination (R2) of 0.97, as shown in Figure 8a, where ΔRCT values increased in proportion to the analyte concentration. The limit of quantification (LOQ = 10σ/S) and the limit of detection (LOD = 3σ/S) must be determined to characterize the sensitivity of biosensor platforms. These parameters are found using the analytical curve and are usually computed by dividing the slope of the curve (S) by the standard deviation of the blank response (σ). The LOQ is the lowest concentration of the analyte that can be measured with a reasonable level of accuracy and repeatability. At the same time, the LOD is the lowest concentration that can be detected but may not be quantified precisely [52]. The ability of the sensor platform to detect small amounts of the target analyte is demonstrated by low LOD and LOQ values. As a result, the Ppy-CdTe-based sensor platform presented an LOD and LOQ of 8.05 and 26.84 pg·µL−1, respectively. Thus, the values obtained indicate that this platform can reliably detect NSE from approximately 8 pg·µL−1 and perform accurate quantification above 27 pg·µL−1. Considering this, these measurements reinforce the analytical performance of the proposed methodology, making it more practically applicable to real samples.



NSE is typically found in the sera of healthy individuals at concentrations below 3–12 ng·mL−1, while elevated levels above 20 ng·mL−1 are commonly associated with lung cancer and other neuroendocrine tumors [53,54]. In this context, the LOD obtained with our platform (8.05 pg·µL−1, or 0.008 ng·µL−1) is several orders of magnitude lower than the physiological cutoff values used in clinical practice. This result demonstrates that the sensor is highly sensitive and capable of detecting NSE at concentrations well below those expected in both healthy and pathological conditions. Although our study focused on proof-of-concept validation and the comparative evaluation of different sensor platforms, the very low LOD highlights the potential of this approach for clinical translation, as it ensures the device can efficiently operate within the clinically relevant range of NSE concentrations.



As an additional metric to assess the level of biological recognition by the PPy-CdTe sensing platform, the degree of surface covering (θ) was used as follows [55]:   θ   %   = 1 −          R   C T     i m m u n o s e n s o r           R   C T   a n t i g e n            ×   100  , where RCT(immunosensor) is the RCT for each developed sensing platform and RCT(antigen) is the RCT values from NSE following interaction with the biosensor. At all NSE concentrations, the biodevices demonstrated a significant response (Figure 8b), with θ values increasing in a direct relationship to the analyte concentration. At 1 and 100 pg·µL−1, the sensor achieved θ = 0.72 (72%) and θ = 0.98 (98%), respectively. The PPy-CdTe-based sensor platform demonstrated a high degree of recognition of the target analyte, evidenced by the progressive increase in surface coating on the functionalized electrode. This behavior suggests high affinity between the modified surface and the analyte, reflecting an efficient interaction process that maximizes the occupation of available active sites. The increased degree of coating directly implies greater blockage of the conductive surface, which tends to impact charge transfer and, consequently, the electrochemical response of the system. These results reinforce the effectiveness of PPy-CdTe as an effective immobilization matrix, improving sensor sensitivity, and indicate significant potential for applications requiring accurate detection at low concentrations.



To further evaluate the selectivity of the developed biosensing platform, a comparative assay was performed using two additional biomarkers commonly associated with lung cancer, CYFRA 21-1 and interleukin-6 (IL-6) [56]. Both analytes were prepared under the same conditions and at a concentration of 1 pg, allowing a direct comparison with the response obtained for NSE.



The selectivity and specificity of the biosensor toward NSE were investigated in the presence of common serum components and potential interfering biomarkers. The measurements were performed using a simulated physiological matrix containing bovine serum albumin (0.6 mM), glucose (5 mM), and uric acid (0.3 mM) prepared in PBS pH 7.4 [57,58]. As shown in Figure S10a,b, the RCT of the PPy–CdTe platform increased markedly upon exposure to NSE, from 0.12 ± 0.01 kΩ (bare platform) to 0.40 ± 0.02 kΩ after target recognition. In contrast, when the biosensor was exposed to non-specific biomarkers such as CYFRA 21-1 and IL-6, the RCT values remained nearly unchanged (0.18 ± 0.03 and 0.17 ± 0.05 kΩ, respectively), indicating minimal interference. The relative standard deviation (RSD) for repeated measurements was ±3.4%, while the electrode-to-electrode variation exhibited an RSD below ±5.0%, demonstrating the excellent reproducibility and stability of the proposed system. These results confirm the specific affinity between the immobilized anti-NSE antibodies and their corresponding antigen, validating the biosensor’s selectivity even in the presence of typical biological interferents.



Recent advances in flexible biosensors for NSE have been achieved. For instance, Aydin developed a flexible electrode using an indium-tin oxide-PET (ITO-PET) electrode for detecting NSE in serum using EIS analysis [59]. The poly(glycidyl methacrylate) polymer provided functional groups for antibody immobilization, revealing a LOD of 9.1 fg/mL. In addition, Mehta and coworkers developed a label-free flexible immunosensor for NSE using polydopamine and carbon nanotubes [60]. A LOD of 120 pM was obtained using differential pulse voltammetry (DPV). In a recent work, Zu and team produced a boron–nitrogen co-doped graphene-based antenna immunosensor for NSE detection. A flexible poly(dimethylsiloxane) substrate was used for assembling the platform, where their sensor presented a LOD of 10.99 fg·mL−1 [61].



While these studies demonstrate remarkable sensitivity, they often rely on costly nanomaterials or complex surface modifications that can limit large-scale application. In contrast, our work introduces a microcontact printing approach to fabricate patterned electrodes directly on PET substrates, combining flexibility, reproducibility, and eco-friendly processing. The use of PPy–CdTe films further ensured robust electrochemical performance without the need for multiple modification steps. This strategy provides a scalable and sustainable alternative, positioning our platform as a promising candidate for practical NSE detection and for adaptation to other clinically relevant biomarkers. Regarding real samples, at this stage, we aimed to establish the feasibility of NSE detection on innovative electrode configurations. In future work, we intend to build upon the most promising platform identified here (PPy-CdTe) and expand the evaluation to include reproducibility tests, stability studies, interference analysis, and validation with clinical samples.





4. Conclusions


This study successfully demonstrated the development of flexible electrodes fabricated on PET substrates through the µCP technique, highlighting a scalable and reproducible approach for biosensor manufacturing. The use of reusable PDMS stamps with electrode patterns enabled consistent production, distinguishing it as a cost-effective and sustainable strategy for sensor development. In addition, using PET as the substrate further contributes to the eco-friendly character. Three distinct sensing platforms were established on the flexible electrodes to standardize their performance for NSE detection: an APTES-modified surface, electrospun PVA/alginate nanofibers, and electropolymerized PPy films, all further functionalized with CdTe quantum dots. Voltammetric analyses revealed that all configurations were able to recognize the target biomarker, confirming the robustness of the proposed electrode design. However, the PPy–CdTe platform demonstrated the highest sensitivity, with a marked improvement in ΔI response. To further evaluate the most promising configuration, impedance spectroscopy was performed on the PPy–CdTe electrodes, revealing a clear linear correlation between NSE concentration and the charge-transfer resistance (RCT). From this analysis, a detection limit of 8.05 pg·µL−1 and a quantification limit of 26.84 pg·µL−1 were obtained, highlighting the system’s sensitivity. Overall, the outcomes presented herein demonstrate that microcontact-printed flexible PET electrodes are a versatile and environmentally conscious tool for biosensing. The integration of conducting polymers with semiconductor nanomaterials has been shown to enhance analytical performance, enabling the precise and reliable detection of target analytes at clinically relevant concentrations. These results not only validate the potential of the PPy–CdTe platform for NSE monitoring but also set a goal for broader applications for other biomarkers of clinical interest. Our study focused on proof-of-concept demonstrations of sensing capability rather than on the complete analytical validation required for clinical application. Moreover, the device was designed as a single-use sensor, which reduces the relevance of reusability and long-term stability issues. The fabrication method employed here, primarily through µCP, ensures good reproducibility in electrode preparation. However, a quantitative evaluation of batch-to-batch variation was beyond the scope of the present manuscript. In future work, this platform can be adapted for multiplex detection, enabling the simultaneous identification of multiple lung cancer biomarkers. Such an approach would significantly enhance diagnostic accuracy and clinical relevance. Additionally, integrating the sensor with portable point-of-care devices could facilitate rapid and low-cost testing in non-laboratory settings, particularly in low-income countries. Overall, our study opens promising pathways toward practical and sustainable biosensing technologies.
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Figure 1. Schematic representation of the stepwise assembly process of the PVA/alginate nanofibers (a), APTES monolayers (b), and electropolymerized polypyrrole (c) sensor platforms. 
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Figure 2. 3D AFM images of the µCP gold electrode (a), surface of electrospun nanofibers (b), electrospun nanofiber platform (c), and polypyrrole platform (d). 
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Figure 3. Fluorescence analyses of sensor platforms: APTES (a), PVA/alginate nanofibers (b), and polypyrrole (c) labeled with anti-NSE Alexa fluor 594. 
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Figure 4. ATR-FTIR spectra obtained at different steps of the sensor building on µCP gold electrode. 
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Figure 5. Cyclic voltammograms of each biosensor assembly step: (a) APTES platform, (b) PVA/alginate nanofiber, and (c) Ppy platform. 






Figure 5. Cyclic voltammograms of each biosensor assembly step: (a) APTES platform, (b) PVA/alginate nanofiber, and (c) Ppy platform.



[image: Chemosensors 13 00377 g005]







[image: Chemosensors 13 00377 g006] 





Figure 6. Cyclic voltammograms obtained from the biosensor biorecognition process of the NSE antigen. (a) APTES platform, (b) PVA/alginate nanofiber, and (c) Ppy platform. (d) Relationship between anodic peak current and target analyte concentration. 
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Figure 7. Nyquist diagram from the biorecognition process of NSE antigen by the Ppy platform. 
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Figure 8. ΔRCT% (a) and θ (b) as a function of different concentrations. 
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Table 1. Amperometric anodic shift for the assembling steps of the APTES, nanofiber, and PPy platforms after exposure to NSE.
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	Analyte Concentration (pg·µL−1)
	Platform IPA (µA)
	IPA (µA)
	∆I (%)





	APTES platform
	
	75.77
	
	



	
	1
	
	68.4 ± 0.66
	9.72 ± 0.24



	
	10
	
	64.42 ± 0.94
	14.97 ± 1.12



	
	25
	
	57.48 ± 0.30
	24.13 ± 0.62



	
	50
	
	55.63 ± 0.92
	26.58 ± 0.71



	
	75
	
	51.60 ± 1.13
	31.89 ± 1.24



	
	100
	
	49.01 ± 0.96
	35.33 ± 1.06



	Nanofiber platform
	
	44.91
	
	



	
	1
	
	43.44 ± 0.45
	3.27 ± 0.50



	
	10
	
	38.64 ± 0.19
	13.96 ± 0.28



	
	25
	
	37.5 ± 0.08
	16.49 ± 0.11



	
	50
	
	34.84 ± 0.33
	22.42 ± 0.19



	
	75
	
	33.86 ± 0.24
	24.60 ± 0.09



	
	100
	
	32.28 ± 0.14
	28.12 ± 0.21



	PPy platform
	
	158.52
	
	



	
	1
	
	125.19 ± 0.92
	21.02 ± 0.83



	
	10
	
	121.61 ± 1.35
	23.68 ± 0.70



	
	25
	
	112.8 ± 1.28
	29.29 ± 1.11



	
	50
	
	103.15 ± 1.46
	34.92 ± 0.99



	
	75
	
	95.61 ± 0.94
	39.68 ± 0.87



	
	100
	
	86.80 ± 0.85
	45.24 ± 0.76










 





Table 2. Values of the equivalent circuit elements from fitted impedance results.
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Modified Electrode

	
Analyte Concentration (pg·µL−1)

	
RCT (kΩ)

	
CPE (µT)

	
RS (kΩ)

	
ZW (kσ)






	
Ppy platform

	
1 pg·µL−1

	
0.402 ± 0.021

	
20.96 ± 0.49

	
0.587 ± 0.005

	
1.009 ± 0.006




	
10 pg·µL−1

	
0.801 ± 0.032

	
37.02 ± 0.64

	
0.553 ± 0.016

	
1.133 ± 0.012




	
25 pg·µL−1

	
1.318 ± 0.019

	
46.25 ± 0.85

	
0.502 ± 0.014

	
0.824 ± 0.018




	
50 pg·µL−1

	
2.405 ± 0.038

	
58.18 ± 0.94

	
0.307 ± 0.017

	
1.009 ± 0.016




	
75 pg·µL−1

	
4.159 ± 0.045

	
68.82 ± 0.52

	
0.244 ± 0.007

	
1.008 ± 0.015




	
100 pg·µL−1

	
6.421 ± 0.059

	
72.09 ± 0.71

	
0.326 ± 0.009

	
1.001 ± 0.009
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