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Introduction

Cytokine storms are defined as excessively high and exaggerated cytokine production originating from a variety of viral and non-infectious disorders, causing severe inflammatory responses and organ damage. [START_REF] Han | Profiling serum cytokines in COVID-19 patients reveals IL-6 and IL-10 are disease severity predictors[END_REF] Interleukin-10 (IL-10) is an anti-inflammatory cytokine produced by T helper 2 cells that plays an important role in immunoregulation and inflammation management. [START_REF] Udomsinprasert | Circulating levels of interleukin-6 and interleukin-10, but not tumor necrosis factor-alpha, as potential biomarkers of severity and mortality for COVID-19: systematic review with meta-analysis[END_REF][START_REF] Islam | Elevated interleukin-10 levels in COVID-19: potentiation of pro-inflammatory responses or impaired anti-inflammatory action?[END_REF] IL-10 has been considered as a viable therapeutic and diagnostic tool for a variety of diseases, including inflammatory autoimmune diseases. [START_REF] Nessark | Capacitance Polypyrrole-based Impedimetric Immunosensor for Interleukin-10 Cytokine Detection[END_REF][START_REF] Lee | A novel biosensor based on hafnium oxide: Application for early stage detection of human interleukin-10[END_REF] Recent studies with coronavirus (COVID-19) patients' non-survivors have reported elevated concentrations of interleukin-6 (IL-6) and IL-10 cytokines compared with survivors owing to hyperinflammation [START_REF] Lu | Changes of serum IL-10, IL-1β, IL-6, MCP-1, TNF-α, IP-10 and IL-4 in COVID-19 patients[END_REF][START_REF] Zimecki | The potential for Lactoferrin to reduce SARS-CoV-2 induced cytokine storm[END_REF][START_REF] Azmy | Cytokine profiles before and after immune modulation in hospitalized patients with COVID-19[END_REF].

The findings from 102 COVID-19 patients reveal that the median level of IL-10 cytokine in their serum, (5.37 pg/mL) was 37% higher than the median level in healthy serum (3.91 pg/mL) [START_REF] Han | Profiling serum cytokines in COVID-19 patients reveals IL-6 and IL-10 are disease severity predictors[END_REF]. Salivary IL-10 cytokine levels in COVID-19 and post-COVID-19 patients have been reported to be 10.01 ± 2.05 pg/mL and 9.08 ± 1.17 pg/mL, respectively. These findings suggest that elevated IL-10 concentrations could be utilized to predict the severity of COVID-19 [START_REF] De Oliveira Santos | Impact of SARS-CoV-2 on saliva: TNF-⍺, IL-6, IL-10, lactoferrin, lysozyme, IgG, IgA, and IgM[END_REF].

The enzyme-linked immunosorbent assay (ELISA) is regularly used as a standard laboratory test for cytokine detection. Despite its great sensitivity and precision, this approach is expensive, time-consuming, and requires the analysis of professional specialists. [START_REF] Bahri | Capacitance electrochemical biosensor based on silicon nitride transducer for TNF-α cytokine detection in artificial human saliva: Heart failure (HF)[END_REF][START_REF] Baraket | A fully integrated electrochemical biosensor platform fabrication process for cytokines detection[END_REF] Hence, more accessible, highly sensitive, and selective diagnostic methods for the detection of inflammatory cytokines are urgently needed to enable early therapeutic intervention and improve patient quality of life. [START_REF] Pruna | A lowcost and miniaturized potentiostat for sensing of biomolecular species such as TNF-α by electrochemical impedance spectroscopy[END_REF] Electrochemical immunosensors, as opposed to these suggested techniques, have attracted a lot of interest because of their significant features, such as ease of use, swiftness, portability, time and cost effectiveness, and excellent sensitivity. [START_REF] Karaman | Sensitive sandwich-type electrochemical SARS-CoV-2 nucleocapsid protein immunosensor[END_REF] These immunological responses triggered by particular probe-target complexes are characterized by legible current signals. The signal amplification strategy is the most widespread and effective way for increasing the sensitivity of electrochemical immunosensors. In this regard, several approaches can be followed to improve the electron transport efficiency and surface area of the substrate while keeping the immunological molecule's activity. [START_REF] Karaman | Electrochemical neuron-specific enolase (NSE) immunosensor based on CoFe2O4@ Ag nanocomposite and AuNPs@ MoS2/rGO[END_REF] Multiple nanomaterials have been employed in the creation of electrochemical immunosensors and improve their performance as a result of the quick development of nanomaterial breakthroughs due to their numerous benefits, including high stability, strong electrocatalytic activity, and ease of modification. [START_REF] Boyacıoğlu | A novel electrochemical kidney injury molecule-1 (KIM-1) immunosensor based covalent organic frameworks-gold nanoparticles composite and porous NiCo2S4@ CeO2 microspheres: the monitoring of acute kidney injury[END_REF][START_REF] Karaman | Electrochemical cardiac troponin I immunosensor based on nitrogen and boron-doped graphene quantum dots electrode platform and Ce-doped SnO2/SnS2 signal amplification[END_REF][START_REF] Yola | Carbohydrate antigen 19-9 electrochemical immunosensor based on 1D-MoS2 nanorods/LiNb3O8 and polyoxometalate-incorporated gold nanoparticles[END_REF] The ability to electrospun fibers (ESFs) mats with a high surface area, mechanical flexibility, good surface functionalization, and interconnected porosity, which helps in the stabilization of higher receptors with better contact with the surrounding medium and access to the target analyte, underpins their use in the production of 3-D interfaces for electrochemical nano-biosensors. [START_REF] Yang | Recent insights into functionalized electrospun nanofibrous films for chemo-/bio-sensors[END_REF][START_REF] Razmshoar | Novel platform based on polystyrene electrospun nanofibrous mats doped with PAMAM dendritic polymer for enhanced immunosensing[END_REF][START_REF] Santos | Advances in functional polymer nanofibers: From spinning fabrication techniques to recent biomedical applications[END_REF][START_REF] Adabi | An electrochemical immunosensor based on electrospun carbon nanofiber mat decorated with gold nanoparticles and carbon nanotubes for the detection of breast cancer[END_REF] Among the various fiberforming technologies, electrospinning is known as an efficient, low-cost, simple, and versatile tool which uses electrostatic forces to generate polymer nanofibers (NFs) of different morphologies and diameters from solutions, suspensions, or melts [START_REF] Santos | Advances in functional polymer nanofibers: From spinning fabrication techniques to recent biomedical applications[END_REF]. Normally, in the electrospinning synthesis of NFs, the solution is extruded at a constant feed rate through the capillary to the tip of the spinneret, resulting in a pendant liquid drop due to surface tension. When an electric field is applied, electrostatic repulsion of surface charges of the same sign on the polymer droplet occurs, causing it to deform into a cone shape (known as a Taylor cone). By increasing the electric field and the dominance of electric force over surface tension, a charged polymer jet emerges from the cone, undergoing stretching, elongation, solvent evaporation, and solidification in the distance between the nozzle and the collector. [START_REF] Santos | Advances in functional polymer nanofibers: From spinning fabrication techniques to recent biomedical applications[END_REF][START_REF] Xue | Electrospinning and electrospun nanofibers: Methods, materials, and applications[END_REF][START_REF] Ogueri | Nanofiber technology for regenerative engineering[END_REF] Our major objective in this project was to create a new ESF-based transducer for the detection of AgIL-10 by directly electrospinning PS ESFs on the surface of a gold electrode. PS was chosen as a polymer for its high mechanical characteristics, great shape stability in aqueous media without swelling, and low cost. [START_REF] Rezaei | Multifactorial modeling and optimization of solution and electrospinning parameters to generate superfine polystyrene nanofibers[END_REF] However, PS alone cannot offer an ideal interface because it lacks the surface-active groups and sufficient hydrophilicity needed for biological recognition elements' covalent attachment. [START_REF] Razmshoar | Novel platform based on polystyrene electrospun nanofibrous mats doped with PAMAM dendritic polymer for enhanced immunosensing[END_REF] For this reason, plasma treatment, a process that alters the surface of polymers, increase their surface energy, and their hydrophilicity while maintaining their advantageous bulk features intact [START_REF] Morelli | Utilizing Radio Frequency Plasma Treatment to Modify Polymeric Materials for Biomedical Applications[END_REF][START_REF] Sathish | Air Plasma-Enhanced Covalent Functionalization of Poly(methyl methacrylate): High-Throughput Protein Immobilization for Miniaturized Bioassays[END_REF], was utilized to produce carboxyl groups on the PS fiber surface before decorating the fibers with the second generation (G2) of PAMAM dendritic polymer. PAMAM dendrimers with huge peripheral groups have been employed as branching polymeric macromolecules in the construction of different biosensors to readily interact with a large variety of bioreceptors, boosting their sensitivity, and improving their detection limit. [START_REF] Li | Carbon nanotube-polyamidoamine dendrimer hybrid-modified electrodes for highly sensitive electrochemical detection of microRNA24[END_REF][START_REF] Miodek | E-DNA Sensor of Mycobacterium tuberculosis Based on Electrochemical Assembly of Nanomaterials (MWCNTs/PPy/PAMAM)[END_REF] Grafting highly branched PAMAM polymer onto the fiber's surface can overcome the drawbacks of PS fibers, such as their hydrophobicity and lack of functional groups. Furthermore, the synergistic properties of electrospun fibers and highly branched polymers to create immunosensors with high capture antibody immobilization and increased sensitivity would be beneficial.

In a previous report, our group employed electrospinning to create a composite nanofiber from PS and PAMAM dendritic polymers in a one-step process by blending their solutions and using it as a 3-D interface to detect TNF-alpha cytokines. [START_REF] Razmshoar | A novel electrochemical immunosensor for ultrasensitive detection of tumor necrosis factor α based on polystyrene -PAMAM dendritic polymer blend nanofibers[END_REF] As novelty, the benefit of decorating PAMAM on the PS fiber surface avails higher accessibility to PAMAM amine groups due to their larger loading on the fiber surface at considerably lower PAMAM concentrations. To create a strong covalent bond between the anti-IL-10 and the fiber surface, glutaraldehyde coupling chemistry was used to create a bond between the PAMAM dendritic polymer groups and the amine groups in the Fc region of the anti-IL-10. Schematic 1 depicts all stages of the immunosensor fabrication. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to characterize the electrochemical characteristics of the developed ESFsbased immunosensor at each stage and AgIL-10 impedimetric detection, respectively. Schematic.1.

Experimental

Chemicals and reagents

The reagents, instruments, and characterizations sections were thoroughly discussed in the supplementary information.

Immunosensor preparation 2.2.1. Preparation of PS ESFs

PS granules were dissolved in DMF and stirred overnight to make a 25 wt.% electrospinning solution. A vertical electrospinning setup (Spraybase®, Ireland) was used for producing ESFs, which included a polytetrafluoroethylene (PTFE) tube to transfer the polymer solution from the pump to the nozzle. The electrospinning parameters, including voltage, feed rates, and nozzle to collector distance, were set at 27 kV, 0.25 mL/h, and 20 cm, respectively, with these parameters having been previously optimized. [START_REF] Razmshoar | Novel platform based on polystyrene electrospun nanofibrous mats doped with PAMAM dendritic polymer for enhanced immunosensing[END_REF] To achieve the highest level of similarity between the electrodes in terms of the thickness and amount of ESFs deposited, fibers were electrospun on gold electrodes for 1 min each by placing each on a specific location of aluminum foil. Before electrospinning, the gold electrodes were cleaned in an ultrasonic bath for 15 min in an acetone solution and then in an ethanol solution and were rinsed with ultrapure water at each stage and at the end. Then they were dried with a mild stream of nitrogen (N2) and then placed in a UV-ozone ProCleanerTM for 30 min to eliminate any possible organic contamination. This process results in a gold electrode with a hydrophilic feature, which increases not only fiber adherence to the electrode surface but also electrode wettability and electron transfer. Then the electrodes containing ESFs were stored at room temperature (RT) for subsequent use.

Air plasma treatment

Gold electrodes modified with ESFs were treated with a frequency/low pressure (13.56 MHz, 50 W) plasma generator (Pico PCCE, Diener Electronic, Ebhausen, Germany) to produce carboxylic acid groups on the surface of the PS ESFs. By the time the electrodes were placed in the center of the chamber, the pressure within the chamber was reduced to 0.2 mbar by pumping to remove the air. The chamber was then filled with filtered air for 1 min before plasma was applied at a pressure of 0.2 mbar for 10 s. To find the optimal plasma time, five different plasma timings (10 s, 20 s, 30 s, 60 s, and 120 s) were tested.

PAMAM decoration of PS ESFs

The plasma-generated carboxylic acid groups were activated by carbodiimide chemistry to decorate the surface of the fibers with PAMAM. Gold electrodes containing PS-plasma (10 s) treated ESFs were dipped in a 2 mL solution of EDC (0.4 M)/NHS (0.1 M) mixture in deionized water for 1 h. The electrodes were immediately immersed in an aqueous PAMAM solution for 4 h, rinsed with deionized water, and then dried at RT. To determine the optimal dendrimer concentration, three PAMAM solution concentrations of 0.5, 1, and 2 wt.% were investigated.

Covalent immobilization of antibodies and blocking steps

The PAMAM amine groups on the PS ESFs surface were activated to form a covalent bond with the Fc region of anti-IL-10 using glutaraldehyde as a coupling agent. For this purpose, the electrodes were put in a desiccator containing glutaraldehyde saturated vapor for overnight. Then, 20 μL of anti-IL-10 (10 μg/mL) was kept in contact with the ESF-modified electrodes for 1 h at 4 °C. After that, the immunosensor was carefully rinsed with PBS (10 mM, pH 7.4) and the blocking treatment was done by incubating it in 40 μL of BSA 2% in PBS solution (10 mM, pH 7.4) for 1 h at 4 °C to reduce non-specific binding and deactivate the unbounded sites on the ESFs surface.

Detection of AgIL-10 in PBS buffer and in artificial saliva (AS)

The ESFs based immunosensor was immobilized in the electrochemical cell. The immunosensor was incubated in 40 μL of different concentrations of AgIL-10 standard solution in PBS or AS for 30 min at RT, followed by PBS washing to eliminate unbound AgIL-10 cytokine. The electrochemical cell was then filled with PBS (10 mM, pH 7.4) containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] at each detection to record an EIS response. The electrolyte solution in the cell was withdrawn and the cell was washed with PBS solution after each EIS measurement.

Characterizations

Instrumentation and procedures used for the physicochemical characterization are presented in the supplementary information.

Electrochemical measurements

Instrumentation and procedures used for the electrochemical measurements are presented in the supplementary information.

Results and discussion

Choosing the optimal plasma time

Morphological analysis

Plasma-induced chemical changes are typically accompanied by morphological changes. It should be highlighted that extremely harsh surface treatment results in uneven surface etching, which has a significant influence on the immobilization and performance of bio-interface. The surface morphology influences the activity of immobilized biomolecules as well as the biophysical and chemical aspects of the biointerface, therefore picking the optimal time for plasma is crucial to minimize undesirable ion-assisted chemical etching and damage of PS fibers. [START_REF] North | Plasma-based surface modification of polystyrene microtiter plates for covalent immobilization of biomolecules[END_REF] Five different times (10 s, 20 s, 30 s, 60 s, and 120 s) were tested to find the best plasma time for causing the least amount of damage to the PS ESFs surface and generating the most functional groups. The SEM images of ESFs are shown in Fig. S1. PS ESFs produced from electrospinning solution with a concentration of 20 wt.% had a bead-on-strings morphology, therefore a PS solution with concentration of 25 wt.% was chosen to enhance polymer chain entanglement and produce fibers with a uniform morphology and reproducible characteristics (Fig. S1A).

According to the SEM images (Fig. S1 B-D), there are no signs of damage to the PS ESFs for 10 s, 20 s, and 30 s of plasma, but after that, the ESFs diameter begins to decrease (Fig. S1E andF). The mean diameter of pure PS ESFs was 1805 ± 336 nm, while the diameter after 60 s of plasma decreased to 1271 ± 253 nm.

The ESFs structure was destroyed and the fibers were charred after 120 s of plasma. Consequently, using plasma to reduce fiber diameter for some specific purposes may be deemed a technique. Because PS ESFs were utilized as an interface in this study, their strength was especially crucial during the washing and immobilization processes. As a result, preserving their strength was prioritized, and SEM evaluation led to the selection of 10 s for plasma.

wettability analysis

Contact angle measurements were conducted to assess the involvement of plasma treatment in the creation of functional groups on the surface of PS ESFs and their hydrophilic characteristics. According to the results (Fig. S2), the contact angle of the PS ESFs after 10 s of plasma was 0°, while the contact angle of pure PS ESFs was 145° ± 2.5°. The formation of COOH, OH, C=O, and C-O, leads to the contact angle decreasing.

[31] The production of singly and doubly bonded C-O functionality is based on the removal of hydrogen from tertiary C-H bonds or benzene rings, followed by oxygen substitution in free radical sites. [START_REF] Lock | Surface composition, chemistry, and structure of polystyrene modified by electron-beam-generated plasma[END_REF] A duration of 10 s was chosen as the optimal plasma time since it reduced the contact angle to 0° and caused the least amount of damage to the ESFs. It should be mentioned that fiber hydrophilicity is a key feature for the homogenous immobilization of antibodies on the fiber surface, as well as improved electron transfer between the electrolyte and the electrode.

Evaluation of fiber-based immunosensor

FE-SEM characterization

FE-SEM microscopic analysis of the fibers' surface before and after the plasma indicated that a plasma time of 10 s was appropriate since there were no signs of fracture or cracking on the surface of the fibers (Fig. 1A-B). The significant difference between before and after the plasma is the rise in nanoporosity size on the surface of the fibers, which increases surface area and enhances potential interaction with the environment [START_REF] Dufay | Effect of Cold Plasma Treatment on Electrospun Nanofibers Properties: A Review[END_REF]. The fibers' morphology changed to peach skin after being decorated with PAMAM (Fig. 1C). The average diameter of PS-plasma 10 s-PAMAM 2 wt.% ESFs was 1565 ± 290 nm (Fig. 1D). 

fluorescence microscopy

Fluorescence microscopy of PS ESFs revealed that plasma-modified PS fibers had autofluorescence (4.26 ± 1) at 488 nm wavelength excitation as compared to pure PS (Fig. 2A-B). A high level of autofluorescence has been proven in thermoplastic polymers, including PS, particularly between the wavelengths of 300 -400 nm. A recent study has shown that thermal and solvent treatment increases the levels of autofluorescence of PS plate and changes its wavelength to longer wavelengths. [START_REF] Young | Assessment of enhanced autofluorescence and impact on cell microscopy for microfabricated thermoplastic devices[END_REF] Here, the PS ESFs have no autofluorescence at 488 nm wavelength excitation, whereas autofluorescence and spots of different sizes are observed on the PS-plasma 10 s ESFs. The autofluorescence of PS fibers has been attributed to excimers resulting from polymer chain reorganization, which have longer wavelengths than the monomer emission peak. It should be noted that due to the high interest in the use of ESFs in various fields, particularly optical immunosensors, and the proximity of the fluorophores wavelength used for antibody conjugation to the plasma treated PS wavelength, serious consideration should be given to their autofluorescence after plasma to avoid false positive results. [START_REF] Young | Assessment of enhanced autofluorescence and impact on cell microscopy for microfabricated thermoplastic devices[END_REF] Fig. 2C-E shows images of fibers after being decorated with various concentrations of PAMAM. Because PAMAM has fluorescence properties at 488 nm excitation [START_REF] Razmshoar | Novel platform based on polystyrene electrospun nanofibrous mats doped with PAMAM dendritic polymer for enhanced immunosensing[END_REF], the fluorescence increase in PS-plasma 10 s-PAMAM ESFs could be noticed when PAMAM concentration increases. The quantity of grafted PAMAM at the fiber surface is larger in the PSplasma 10s-PAMAM 2 wt.% sample than in the other samples. The average fluorescence intensity for each of the mentioned ESFs was obtained by preparing 5 distinct samples and assessing 5 different points of each sample. Fig. 2F shows the fluorescence intensities of different ESFs samples, according to which the fluorescence intensities for the 0.5, 1, and 2 wt.% dendrimer samples were 30.5 ± 4.4, 47.2 ± 6.7, and 60.8 ± 5.5, respectively. Because of its higher fluorescence properties, PS-plasma 10 s-PAMAM 2 wt.% was chosen as the best sample, and all immunosensors were prepared with this concentration. Fig. 2.

FTIR analysis

ATR-FTIR analysis were done in order to more accurately evaluate the chemical composition of PS ESFs during the surface modification and immunosensor fabrication processes. The bands at 3080-3024 cm -1 , 2920 cm -1 , and 2846 cm -1 in the PS spectra are attributable to aromatic C-H stretching vibration absorption and the presence of CH2, respectively. The peaks at 1939 cm -1 , 1869 cm -1 , 1801 cm -1 , and 1741 cm -1 are associated with overtone aromatic. The C=C stretching vibration absorption is seen at 1600 cm -1 , while CH2 bending vibrations are seen at 1492 cm -1 and 1451 cm -1 (Fig. 3Aa). [START_REF] Razmshoar | Novel platform based on polystyrene electrospun nanofibrous mats doped with PAMAM dendritic polymer for enhanced immunosensing[END_REF] A comparison of spectra of PS and PS-plasma 10 s shows two new peaks at 3454 cm -1 and 1726 cm -1 , which correspond to OH and C=O from carboxylic acids, respectively (Fig. 3Ab). Fig. S3. depicts a schematic representation of the likely PS structure following plasma treatment. [START_REF] Suganya | Plasma Surface Modified Polystyrene and Grafted with Chitosan Coating for Improving the Shelf Lifetime of Postharvest Grapes[END_REF] According to previous study, the major mechanism for plasma treatment is an oxidative assault on the benzene ring followed by ring-opening to create aldehyde/carboxylate species. Oxidation of PS to a higher oxidation state and carbonyl/carboxyl species formation has been confirmed by IR-visible sum frequency generation (SFG) spectra. [START_REF] Zhang | Effects of UV irradiation and plasma treatment on a polystyrene surface studied by IR-visible sum frequency generation spectroscopy[END_REF] The spectrum from PS-plasma 10 s-PAMAM 2 wt.% has amide bands of PAMAM νNH at 3293 cm -1 , νCO (amide I band) at 1652 cm -1 , δNH and νCN (amide II band) at 1553 cm -1 . [START_REF] Razmshoar | A novel electrochemical immunosensor for ultrasensitive detection of tumor necrosis factor α based on polystyrene -PAMAM dendritic polymer blend nanofibers[END_REF] It should be noted that the peak of carboxylic acid is decreased due to covalent bonding with PAMAM. Also, PS peaks are still present in the spectrum (Fig. 3Ac).

Previous studies have noted the N-H stretching vibration peak in the PAMAM dendrimer at 3293 cm -1 , which increased with increasing dendrimer concentration. [START_REF] Razmshoar | Novel platform based on polystyrene electrospun nanofibrous mats doped with PAMAM dendritic polymer for enhanced immunosensing[END_REF][START_REF] Lu | Unexpected strong blue photoluminescence produced from the aggregation of unconventional chromophores in novel siloxane-poly (amidoamine) dendrimers[END_REF] In the spectra of PS-plasma 10 s-PAMAM 2 wt.%, a broad peak in the range of 3100 cm -1 to 3600 cm -1 is observed, which consists of two OH peaks in the region of 3454 cm -1 formed by plasma modification and the amide bands νNH of PAMAM at 3293 cm -1 , which are overlapped. When the two spectra in Fig. 3B are compared, the tip of the peak in the PS-plasma 10 s-PAMAM 2 wt.% spectra is placed near the N-H stretching vibration peak, confirming the presence of this peak of PAMAM in the spectrum.

The spectrum of PS-plasma 10 s-PAMAM 2 wt.%-glutaraldehyde before and after anti-IL-10 (10 μg/mL) immobilization is shown in Fig. 3Ca andb, respectively. Fig. 3Ca shows the characteristic peak at 1715 cm -1 for glutaraldehyde and also the peaks at 1662 cm -1 and 1552 cm -1 of the amide bands of PAMAM in the spectrum. After anti-IL-10 antibody immobilization, the glutaraldehyde peak at 1715 cm -1 decreased significantly, indicating a covalent bond between the antibody and glutaraldehyde (Fig. 3 Cb). [START_REF] Mahmoudifard | Ammonia plasma-treated electrospun polyacrylonitryle nanofibrous membrane: The robust substrate for protein immobilization through glutaraldhyde coupling chemistry for biosensor application[END_REF][START_REF] Chuang | Enhancing of intensity of fluorescence by DEP manipulations of polyaniline-coated Al2O3 nanoparticles for immunosensing[END_REF] However, it should be noted that due to the peak overlap of PAMAM and anti-IL-10 amine groups, it is not possible to distinguish between them.

UV-vis analysis

Fig. 3D shows the UV-visible absorption spectrum of the supernatant after washing PS-plasma 10 s-PAMAM-glutaraldehyde with washing buffer, PBS solution (10 mM, pH 7.4) for 5 min. An absorption peak is observed at 235 nm, which is connected to the carbon -carbon double bond π -π * transition of aldehyde groups. [START_REF] Purss | Effect of "glutaraldehyde" functionality on network formation in poly(vinyl alcohol) membranes[END_REF][START_REF] Tang | Acetylcholinesterase-reduced graphene oxide hybrid films for organophosphorus neurotoxin sensing via quartz crystal microbalance[END_REF] According to the findings, the amount of unreacted glutaraldehyde in the supernatant is inversely linked to the concentration of PAMAM, so the PS-plasma 10 s-PAMAM 2 wt.%glutaraldehyde supernatant has the lowest amount of glutaraldehyde adsorption. This shows that increasing the PAMAM concentration while also increasing the number of amine groups on the fiber surface induces more glutaraldehyde molecules to establish stronger covalent bonds with them. 

Electrochemical characterization

The ESFs modified-gold electrode in stepwise fabrication process of ESFs based immunosensor was evaluated by CV measurement in PBS (10 mM, pH 7.4) containing 5 mM [Fe(CN)6] 3-/4-because of any alterations in the bio-interface physically hinder the electrochemical behavior of the redox probe. As shown in Fig. 4A, the bare gold electrode presents well-defined anodic/cathodic peaks of [Fe(CN)6] 3-/4-and a reversible voltammogram with peak-to peak separation (ΔE P ) of ~182.5 mV, with a peak maximum intensity (I pa = 115.6 μA). After electrospinning of the PS fibers on the electrode, the oxidation and redox peaks of the redox probe almost disappeared (I pa = 14.6 μA). Electron transfer from the electrolyte to the gold electrode surface happens as a result of tunneling through the porosity of the fibrous mats. The lack of conductivity and high hydrophobicity of the PS ESFs block the diffusion of redox probe to the electrode surface. Plasma modification for 10 s significantly increased the amperometric response of the electrode containing PS ESFs (I pa = 113.5 μA). The formation of oxygen-containing groups after plasma is the main factor contributing to the increasing mobility of the redox probe towards the electrode. [START_REF] Lee | Flexible electrochemical biosensors based on O2 plasma functionalized MWCNT[END_REF] Modification of the fiber surface with PAMAM increased oxidation/reduction current (I pa = 135.1 μA) and decreased ΔE P from ~210.5 to ~186.5 mV, which indicates the successful attachment of PAMAM at the PS fiber surface [START_REF] Razmshoar | A novel electrochemical immunosensor for ultrasensitive detection of tumor necrosis factor α based on polystyrene -PAMAM dendritic polymer blend nanofibers[END_REF]. The pKa of the peripheral functional groups (-NH3 + , pKa ∼ 9.52) gave the PAMAM a protonated interface in aqueous media at neutral pH. [START_REF] Bustos | Enantioselective recognition of alanine in solution with modified gold electrodes using chiral PAMAM dendrimers G4.0[END_REF] Positively charged PAMAM accumulates the ferro/ferricyanide redox probe on its surface because of its electrostatic interaction. The electron-rich PAMAM surface amine groups and the electron-deficient interior create an electric field that accelerates electron transfer on the electrode's surface. [START_REF] Zhou | Novel Ce (III)-metal organic framework with a luminescent property to fabricate an electrochemiluminescence immunosensor[END_REF] Fig. 4B depicts the role of PAMAM in increasing current response; when dendrimer concentration rose from 0.5 to 2 wt.% due to increased dendrimer presence at the fiber surface, the current increased from (I pa = 121.7 μA) to (I pa = 135.1 μA). The results were compatible with the fluorescence images in section 3.2.2. Due to improved electron transfer and a larger presence of amine groups on the surface, the concentration of 2 wt.% was determined as the best concentration for immunosensor preparation.

The CV responses of the PS-plasma 10 s-PAMAM 2 wt.%-glutaraldehyde ESFs electrode at different scan rates (10 to 100 mVs -1 ) are shown in Fig. S4A. Increasing the scan rate, which in turn reduces the penetration layer, increases the current peak and ΔE P . Fig. S4B shows the square root of the scan rate versus anodic and cathodic peak currents �I pa (μΑ) = 14.8739 v 1/2 �(mV/s) 1/2 � + 9.2634. R 2 = 0.99� and �I pc (μΑ) = -14.7623 v 1/2 �(mV/s) 1/2 � -12.4408. R 2 = 0.99�, respectively. Fig. S4C shows the square root of the scan rate versus anodic and cathodic peak potentials, �E pa (V) = 0.0083 v 1/2 �(mV/s) 1/2 � + 0.2549. R 2 = 0.99� and, �E pc (V) = -0.0087 v 1/2 �(mV/s) 1/2 � + 0.1888. R 2 = 0.99�, respectively. Peak currents and peak potentials of developed ESFs-based electrodes have a linear relationship with the square root of the scan rate (square of regression coefficient of 0.99), demonstrating that the electron transfer process in developed immunosensor is mostly based on a diffusion-controlled process. [START_REF] Li | A nanostructured conductive hydrogelsbased biosensor platform for human metabolite detection[END_REF] The electro-active surface area provided by the ESFs developed immunosensor was determined to be 0.149 cm 2 by the Randles-Sevcik equation I p = 268600AD 1/2 n 3/2 Cv 1/2 in which I P is the redox peak current (A), A is electroactive surface area (cm 2 ), D is the diffusion coefficient ( D = 7.60 × 10 -6 , at 25 °C), n is the number of electrons transferred in the redox reaction (n = 1), C is the concentration of the reactant ( 5mM Fe(CN)6 3-/4-) (mol/cm 3 ), and v is the scan rate (V/s). [START_REF] He | Electrochemical Peptide Biosensor Based on in Situ Silver Deposition for Detection of Prostate Specific Antigen[END_REF][START_REF] Zhu | Cyclic voltammetry measurements of electroactive surface area of porous nickel: peak current and peak charge methods and diffusion layer effect[END_REF] For bare gold electrode, the electro-active surface area of 0.127 cm 2 was measured, indicating the role of fibers in 17.3% increasing the available surface-active area.

To evaluate ESFs based electrode's capability as an effective bio-interface, 40 μL of different concentrations of anti-IL-10 were immobilized on the surface of the PS-plasma 10 s-PAMAM 2 wt.%-glutaraldehyde ESFs electrode at 4 °C for 1 h and the electrode characterized with CV measurement in PBS (10 mM, pH 7.4) containing 5 mM [Fe(CN)6] 3-/4-with a scan rate of 60 mV s -1 (Fig. 4C). A drop in redox current was seen following the immobilization of the antibody on the fiber surface due to the insulating characteristics of antibodies and this was a valid indicator of successful grafting on the fiber surface. Increasing the antibody concentration further reduced the anodic peak intensity, confirming the higher immobilized density of the antibody at the extraordinarily high available surface area provided by the fibers.

The activity of the anti-IL-10 on the surface of the fibers and the performance of the immunosensor before and after antigen incubation were also examined with CV in PBS (10 mM, pH 7.4) containing 5 mM [Fe(CN)6] 3-/4-at the final stage of immunosensor preparation (Fig. 4D). The current of [Fe(CN)6] 3-/4-on PS-plasma 10 s-PAMAM 2 wt.% ESFs electrode was (I pa = 130.4 μA). After incubating 10 pg/mL of AgIL-10 on the electrode surface, the redox current (I pa = 112.8 μA) were lower than the PS-plasma 10 s-PAMAM 2 wt.%-anti-IL-10-BSA current (I pa = 124.0 μA). This decrease is due to immune complexes formed by Anti-IL-10 and Ag-IL-10, which could obstruct electron transfer to the electrode surface as an insulating layer and confirms the developed ESFs immunosensor's high affinity for Ag-IL-10 cytokine.

The results of the developed immunosensor's stability after 20 consecutive cycles at a scan rate of 60 mVs -1 are shown in Fig. S4D. The covalent bond between anti-IL-10 and glutaraldehyde, as well as the strong fiber adhesion to the electrode surface, resulted in constant redox peaks and peak potential separation, with relative standard deviations (RSDs) of 0.68 % and 0.87 % for I pa and I pc , respectively. [START_REF] Rezaei | An electrochemical immunosensor for cardiac Troponin I using electrospun carboxylated multi-walled carbon nanotube-whiskered nanofibres[END_REF] 

Electrochemical detection of AgIL-10 in PBS

EIS was employed as a sensitive approach to assess antibody-antigen interactions at the immunosensor interface and to quantitatively determine AgIL-10 in PBS and AS. The presented EIS results in the Nyquist diagram for AgIL-10 detection from 1 pg/mL to 50 pg/mL in PBS (10 mM, pH 7.4) are shown in Fig. 4E, where the semicircle at higher frequencies refers to the electron transfer process and the linear section at low frequencies belongs to the diffusion process. The gray semicircle corresponds to the immobilization of 10 μg/mL of anti-IL-10 on the surface of the PS-plasma 10 s-PAMAM 2 wt.%-glutaraldehyde ESFs electrode for 1 h at 4 °C and shows low R ct , which is consistent with the CV results and demonstrates the role of PAMAM in fast electron transfer and easily accessible redox probe to the electrode surface. As expected, after immobilization of each concentration of the AgIL-10 for 30 min at RT (20 ± 1 °C), the diameter of semicircles increased owing to immunorecognition of AgIL-10 by surface-fixed antibodies that can hinder redox probe charge transfer as an electrical contact barrier. Furthermore, the results show that the proposed immunosensor has a high affinity for AgIL-10 with rising R ct , due to the increased antigen steric hindrance on the electroactive interface for redox probe and restriction of the Faradaic reaction. [START_REF] Palanisamy | Label-Free Bimetallic in Situ-Grown 3D Nickel-Foam-Supported NH2-MIL-88B(Fe2Co)-MOF-based Impedimetric Immunosensor for the Detection of Cardiac Troponin i[END_REF] The electrochemical parameters were derived after each detection by fitting the Nyquist plots with the Randle's equivalent circuit, where R s corresponds to the ohmic electrolyte resistance, Q CPE to constant phase element, R ct to charge transfer resistance, and 𝒲𝒲 to Warburg impedance (inset of Fig. 4E). The calibration diagram of immunosensor obtained from the impedance fitting data based on ΔR/R ,�R antigen -R antibody �/R antibody , versus different concentrations of AgIL-10 (1, 5, 10, 20, 35, and 50 pg/mL) is shown in Fig. 4F. The immunosensor showed two linear correlation in the ranges from 1 pg/mL to 10 pg/mL with a linear regression equation of ∆R/R = (0.03188 ± 0.0018)[IL -10] + 0.21685 (±0.01) and a correlation coefficient of R 2 = 0.99. The second range of 10 pg/mL to 50 pg/mL was similarly adjusted to a linear regression equation of ∆R/R = (0.00838 ± 0.0008)[IL -10] + 0.45164 (±0.01), with R 2 = 0.98. The smaller change in redox current at higher Ag-IL-10 concentrations, which led the calibration curve to be separated into two segments, is due to anti-IL-10 antibody saturation and a reduction of free antibodies available on the surface of the electrospun fibers to form an immunocomplex. The immunosensor has a limit of detection (LOD) of 1 pg/mL based on 3 S m � , where S represents the residual standard deviation and m denotes the slope of the regression line.

The inter-and intra-assay precisions of the results obtained using the designed immunosensor were studied.

The inter-assay reproducibility of ESFs immunosensor was performed using five independent electrode prepared in the same manner for assessing samples containing 10 pg/mL of AgIL-10. While for the intraassay, the same designed immunosensor was used five times to detect 10 pg/ml of AgIL-10. The RSD of inter-and intra-assay was around 3.18% and 0.79%, respectively. This result indicated that the developed ESFs immunosensor's precision, reproducibility, and repeatability were desirable.

Table 1 compares the analytical performance of the ESFs-based immunosensor to that of other immunosensors for the detection of IL-10 that have been reported to date. To our knowledge, this is the first study to use ESFs as an interface to detect IL-10. The increased surface area provided by the fibers permitted a significantly higher number of antibodies on the surface (100 μg/mL) and provided a comparable detection range and extremely low detection limit to previous studies.

Fig. 4.

Table 1.

Interference study

To evaluate the specificity of the immunosensor, an aliquot of 20 μL of anti-IL-10 (10 μg/mL) was fixed on the ESF modified-gold electrode at 4 °C for 1 h and 40 μL of TNF-alpha antigen with different concentrations (1, 5, 10, and 20 pg/mL) was incubated with the ESF modified-gold electrode at RT for 30 min. The results of the interference studies in Fig. 5A show that the developed immunosensor is selective for AgIL-10.

Electrochemical detection of AgIL-10 in AS

The function of the immunosensor for AgIL-10 detection in AS as a complex medium and natural saliva simulator was assessed by EIS. The EIS concepts and immunosensor fabrication procedures were the same as mentioned before. Initially, the likelihood of any unspecific absorption by AS was examined by incubating 40 μL of it on the surface of the ESFs electrode (without AgIL-10). Fig. 5B shows the 3 times incubation of AS on the ESFs immunosensor. After the first incubation of AS, an increase in R ct was observed. This impact was detected in all AS measures in this investigation and is thus considered a constant. The matrix effect, also known as unspecific adsorption, has been discovered in prior investigations. [START_REF] Bellagambi | Electrochemical biosensor platform for TNF-α cytokines detection in both artificial and human saliva: Heart failure, Sensors Actuators[END_REF] Re-incubation of AS (second and third semicircles) did not result in increased impedance or undesired absorption. It should be emphasized that the immunosensor surface was thoroughly washed with PBS between each incubation step. Fig. 5C shows the Nyquist plot for the detection of AgIL-10 in AS. After 3 times incubation of AS and maintaining a consistent R ct , the AS containing various concentrations of AgIL-10 (10, 25, 50, and 100 pg/mL) was applied to the fiber surface for 30 min at RT each time. The detection of AgIL-10 in AS as a complex medium is highlighted by increasing the Nyquist plot semicircle each time. Furthermore, the EIS signal displayed a linear relationship with IL-10 concentrations ranging from 10-100 pg/mL and a LOD of 4,63 pg/mL, with a regression equation of ∆R/R = (0.00483 ± 0.0002)[IL -10] + 0.00382 (±0.008) and a correlation coefficient of R 2 = 0,96 (Fig. 5D).

Fig. 5.

Conclusion

In this study, PAMAM polymer was used to decorate the air plasma-modified PS electrospun fibers' surface, 

Figure Captions

Schematic.1. The schematic depicts the step-by-step preparation procedure for the developed immunosensor. Polypyrrole modified silicon nitride (Si3N4) Casting EIS 1-10 pg/mL 0.347 pg/mL [START_REF] Nessark | Capacitance Polypyrrole-based Impedimetric Immunosensor for Interleukin-10 Cytokine Detection[END_REF] Graphene interdigitated electrodes (IDEs) Aerosol-jet-printed EIS 0.1-2 ng/mL 46 pg/mL [START_REF] Parate | Aerosol-Jet-Printed Graphene Immunosensor for Label-Free Cytokine Monitoring in Serum[END_REF] One-dimensional photonic crystal (1DPC) PIAD BSW 250 pg/mL 110 pg/mL [START_REF] Occhicone | Enhanced Fluorescence Detection of Interleukin 10 by Means of 1D Photonic Crystals[END_REF] PAMAM decorated plasma-treated electrospun PS fibers Electrospinning EIS 1-50 pg/mL 1 pg/mL This work LOD -limit of detection; mPDGs -magnetic poly (divinylbenzene-co-glycidyl methacrylate) colloidal particles; HfO2 -hafnium oxide; ALDatomic layer deposition; EIS -electrochemical impedance spectroscopy; LSPR -localized surface plasmon resonance; MHDAmercaptohexadecanoic acid; NPs -nanoparticles; PTFE -polytetrafluoroethylene; SERS -surface-enhanced Raman spectroscopy; PIAD -plasma ion-assisted deposition technology; BSW -Bloch surface waves; PAMAM -polyamidoamine; PS -polystyrene.
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resulting in the development of a 3 -

 3 D open-porous interface and an impedimetric immunosensor with very high sensitivity to the IL-10 cytokine. The formation of carboxylic acid functional groups on fiber surfaces, a rise in hydrophilicity, and the creation of autofluorescence characteristics in PS fibers were all induced by 10 s of air plasma. Increased PAMAM concentration on the fiber surface causes more glutaraldehyde molecules to form covalent bonds with them. Anti-IL-10 capture antibody was successfully immobilized on the PS fiber surface by glutaraldehyde coupling chemistry on the amine functional groups of PAMAM.The immunosensor showed ameliorated stability due to covalent bonding between PAMAM amine groups and anti-IL-10 using a glutaraldehyde coupling agent. Modification of the fiber surface with PAMAM increased oxidation/reduction current and promoted antibody immobilization by increasing surface area.The PS-plasma-PAMAM 2 wt.% ESFs-based immunosensor is a new 3-D framework with great sensitivity and selectivity within a wide linear range of AgIL-10 detection in both PBS and AS. The proposed ESFs based interface is a promising material that can be employed in the clinical detection of cytokines or as a substrate for immunosensors development.
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 1245 Fig. 1. FE-SEM images of A) pure PS, B) PS after 10 s plasma treatment, C) PS-plasma 10 s-PAMAM 2 wt.% ESFs, and D) the diameter distribution of PS-plasma 10 s-PAMAM 2 wt.% ESFs.
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 1 Fig. 1. FE-SEM images of A) pure PS, B) PS after 10 s plasma treatment, C) PS-plasma 10 s-PAMAM 2 wt.% ESFs, and D) the diameter distribution of PS-plasma 10 s-PAMAM 2 wt.% ESFs.
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 2 Fig. 2. Fluorescence images of A) pure PS, B) PS-plasma 10 s, C) PS-plasma 10 s-PAMAM 0.5 wt.%, D) PS-plasma 10 s-PAMAM 1 wt.%, E) PS-plasma 10 s-PAMAM 2 wt.%, and F) quantification of fluorescent intensity of different samples (a) pure PS, (b) PS-plasma 10 s, (c) PS-plasma 10 s-PAMAM 0.5 wt.%, (d) PS-plasma 10 s-PAMAM 1 wt.%, and (e) PS-plasma 10 s-PAMAM 2 wt.%.
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 4 Fig. 4. A) CVs of different stages of immunosensor preparation, B) CV of PS-plasma10 s-PAMAM with different concentrations electrode, C) effect of different immobilized anti-IL-10 concentrations (10, 20, 40, 50, and 100 μg/mL) on reducing the redox current, D) evaluation of anti-IL-10 activity (10 μg/mL) on the fiber surface, E) Nyquist plots of PS-plasma10 s-PAMAM 2 wt.%-glutaraldehyde-anti-IL-10 ESFs modified gold electrode of AgIL-10 detection ranging from 1 to 50 pg/mL, and F) calibration curves of the ESFs based immunosensors for the detection of AgIL-10.
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 5 Fig. 5. A) Selectivity resualts of the developed immunosensors, B) Nyquist plots of three times incubation of AS (without AgIL-10) on PS-plasma 10 s-PAMAM 2 wt.% ESFs modified gold electrode, C) Nyquist plots of the immunosensor for AgIL-10 detection in AS, and D) detection calibration curves of the immunosensor toward AgIL-10 in AS.
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	Immunosensors fundamentals	Development Method	Transduction technique	Linear Range	LOD	Ref.
	Epoxy-functionalized mPDGs on a glass substrate	Immobilization	Fluorescence 0.25 μg/mL	-	[50]
	HfO2 grown by ALD on silicon substrate	ALD	EIS	0.1-20 pg/mL	-	[5]
	Diazonium modified gold microelectrodes	Soft lithography	EIS	1-15 pg/mL	-	[51]
	Polypyrrole microwires (PPy-μWs)	Soft lithography	EIS	1-50 pg/mL	0.122 pg/mL [52]
	Antibody conjugated gold nanorods	Microfluidic patterning	LSPR	5-20 pg/mL	10.97 pg/mL [53]
	MHDA modified gold microelectrodes	Soft lithography	EIS	1-15 pg/mL	-	[54]
	Diazonium modified gold microelectrodes	Soft lithography	EIS	1-15 pg/mL	0.3 pg/mL	[11]
	Capture-end NPs modified PTFE membrane	Conjugation	SERS	0.01-100 pg/mL 0.1 pg/mL	[55]
	Gold LSPR strip	Nanoimprinting lithography LSPR	0.2-200 nM	-	[56]
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