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Introduction

Carbon-based textile materials are well known for being chemically stable, and resistant to corrosion in various mediums including aqueous or solvent-based solutions. These properties make them a good choice when a robust, conductive, relatively cheap material is required for many applications including bio/electrochemical setups [START_REF] Feng | A dual-chamber microbial fuel cell with conductive film-modified anode and cathode and its application for the neutral electro-Fenton process[END_REF][START_REF] Feng | Bio-Electro-Fenton Process Driven by Microbial Fuel Cell for Wastewater Treatment[END_REF][START_REF] Zhuang | A novel bioelectro-Fenton system for coupling anodic COD removal with cathodic dye degradation[END_REF]. One of the most important applications for carbon-based textiles is the production of electrodes. These electrodes are used widely nowadays to produce biosensors for medical or environmental purposes, biofuel cells and wastewater treatment reactors.

However, their chemical stability renders these materials inert, with low surface energy and hydrophobic tendencies, causing technical issues such as low affinity towards aqueous solutions, and poor adhesion with polymers and resins during production and performance [START_REF] Tiwari | Influence of cold remote nitrogen oxygen plasma treatment on carbon fabric and its composites with specialty polymers[END_REF].

To overcome these difficulties, many studies have been conducted to modify the surface of different carbon materials using various methods. Approaches including: physical, chemical or thermal methods have been used to increase the surface energy of these materials, and to facilitate treatments for different purposes. These treatments were efficient in surface modification and functionalization, in addition to increasing adhesion in composite materials, improving mechanical properties of nanocomposites, and increasing the power efficiency in flow batteries [START_REF] Xu | POLYMER Wettability of carbon fibers modified by acrylic acid and interface properties of carbon fiber / epoxy[END_REF][START_REF] Day | Electrochemical Templating of Metal Nanoparticles and Nanowires on Single-Walled Carbon Nanotube Networks[END_REF][START_REF] Pan | Covalent attachment of quantum dot on carbon nanotubes[END_REF][START_REF] Santhosh | Novel amperometric carbon monoxide sensor based on multi-wall carbon nanotubes grafted with polydiphenylamine-Fabrication and performance[END_REF][START_REF] Pandurangappa | Homogeneous chemical derivatisation of carbon particles: a novel method for funtionalising carbon surfaces[END_REF][START_REF] Pierard | Ball milling effect on the structure of single-wall carbon nanotubes[END_REF][START_REF] Liu | Efficient[END_REF][START_REF] Feng | Bio-electro-fenton process driven by microbial fuel cell for wastewater treatment[END_REF][START_REF] Wang | Arsenite oxidation and removal driven by a bioelectro-Fenton process under neutral pH conditions[END_REF][START_REF] Hidalgo | Surface modification of commercial carbon felt used as anode for Microbial Fuel Cells[END_REF][START_REF] Nair | Radio frequency plasma mediated dry functionalization of multiwall carbon nanotube[END_REF][START_REF] Lee | Plasma functionalization of powdery nanomaterials using porous filter electrode and sample circulation[END_REF][START_REF] Glonek | Oxidation of limonene using activated carbon modified in dielectric barrier discharge plasma[END_REF][START_REF] Žáková | Cytocompatibility of polyethylene grafted with triethylenetetramine functionalized carbon nanoparticles[END_REF].

Plasma treatment, among these methods, is considered as an effective and dry approach for surface modification. Unlike wet-chemical processes, it does not require solvents and it can be completed in a relatively short time, using different gases and elements according to the required functions. In recent years, different types of plasma have been used to treat carbon materials using a variety of gases to increase their wettability, improve fiber-matrix adhesion in composite materials or to improve the energy efficiency in flow batteries, through the integration of functional groups on the treated surfaces [START_REF] Tiwari | Influence of cold remote nitrogen oxygen plasma treatment on carbon fabric and its composites with specialty polymers[END_REF][START_REF] Nair | Radio frequency plasma mediated dry functionalization of multiwall carbon nanotube[END_REF][START_REF] Lee | Plasma functionalization of powdery nanomaterials using porous filter electrode and sample circulation[END_REF][START_REF] Glonek | Oxidation of limonene using activated carbon modified in dielectric barrier discharge plasma[END_REF][START_REF] Žáková | Cytocompatibility of polyethylene grafted with triethylenetetramine functionalized carbon nanoparticles[END_REF][START_REF] Park | A Study of Atmospheric Plasma Treatment on Surface Energetics of Carbon Fibers[END_REF][START_REF] Tiwari | Influence of plasma treatment on carbon fabric for enhancing abrasive wear properties of polyetherimide composites[END_REF][START_REF] Kim | A new strategy for integrating abundant oxygen functional groups into carbon felt electrode for vanadium redox flow batteries[END_REF][START_REF] Maio | Statistical study of the influence of CNTs purification and plasma functionalization on the properties of polycarbonate-CNTs nanocomposites[END_REF][START_REF] Guo | O2 plasma-functionalized SWCNTs and PEDOT/PSS composite film assembled by dielectrophoresis for ultrasensitive trimethylamine gas sensor[END_REF][START_REF] Tiwari | Surface Treatment of Carbon Fibers -A Review[END_REF].

As mentioned, the obtained plasma-treated carbon materials possess higher surface energy than their initial state, and thus can be further bio functionalized with enzymes. The combination of carbon with custom modified surfaces via plasma, and the immobilized enzymes provide the opportunity to produce bio-electrodes for applications including medical biosensors, self-powered implants, pollution detection biosensors, and power generation from bio-sourced materials such as bio-ethanol and sugars.

Recently, researchers have worked on bio-functionalization of carbon materials (carbon nanotubes, carbon nanoballs, carbon-graphite rods and graphene) with enzymes using different types of plasma including low temperature plasma, atmospheric pressure plasma jet and downstream oxygen plasma, using gases like CH4, N2 and O2 [START_REF] Ardhaoui | Plasma functionalized carbon electrode for laccase-catalyzed oxygen reduction by direct electron transfer[END_REF][START_REF] Dai | Modified Carbon Nanoball on Electrode Surface Using Plasma in Enzyme-Based Biofuel Cells[END_REF][START_REF] Muguruma | Enzyme biosensor based on plasma polymerized film covered carbon nanotube layer grown directly on a flat substrate[END_REF][START_REF] Hadish | Functionalization of CVD Grown Graphene with Downstream Oxygen Plasma Treatment for Glucose Sensors[END_REF]. These treatments produced high performance bioelectrodes with improved enzymatic activity. Nevertheless, these electrode materials possess less specific surface area than the carbon nonwoven felts. Nonwovens from microfibers like the carbon felts have a higher surface area to immobilize higher quantity of enzymes, and allow capillary uptake and diffusion of substrate and products, after plasma treatment, enabling more efficient bioprocesses.

However, the efficiency of cold remote plasma in modifying the surface of carbon felt-based materials and improving their wettability and bio-functionalization with enzymes has not been tested to the best of our knowledge. This type of plasma, out of the discharge zone, is well controlled, due to the ability of customizing the type and percentage of gases used according to the desired obtained functions. CRP activates the carbon fiber surface without causing hazardous sparkling. Indeed, if the conductive sample is in the vicinity of the dielectric barrier discharge used in the plasma treatment, hazardous sparkling will occur (as in the case of air atmospheric plasma treatment). For the CRP, the discharge is around one meter from the conductive nonwoven samples. Free radicals produced by the dielectric barrier discharge are the only reactive species reaching the carbon felt. The CRP is thus able to activate surface of electrically conductive materials, which are attractive for smart and functional textiles.

Furthermore, the design of the instrument of the CRP used allows the treatment of samples without limitation on the thickness, unlike some other plasma setups, which require certain maximum thickness for the film or fabric, and that limits the treatment of 3D structures like the bulky felts. In addition, both sides of the samples can be treated at the same time if desired using CRP setup, which saves both energy and time.

In this paper, the ability of a far cold remote (nitrogen + oxygen) plasma to modify surface properties of a nonwoven commercial Virgin Carbon Felt as received (VCF) was investigated. The modified felts were then bio-functionalized with glucose oxidase enzymes classified as EC (1.1.3.4) using adsorption method, and the activity of immobilized enzyme was evaluated. Surface modifications were monitored using different techniques, including Scanning Electron Microscopy (SEM), Fourier Transform Infrared (FTIR), X-ray Photoelectron Spectroscopy (XPS), water contact angle and capillary uptake measurements. Enzymatic activity assays and cyclic voltammetry scans were carried out to evaluate the efficiency of enzyme immobilization methods and more specifically those leading to least enzyme denaturation and to increased re-usability.

Materials

Carbon Felt

Commercial poly acrylonitrile (PAN) based carbon felt (Supplementary data Fig. 1 (a)) was provided by Ceramaterials (USA). The carbon content >97%, thickness of 3 mm, bulk density of 0.15 g.cm -3 , relative surface area is between 10 -30 m 2 .g -1 , average fiber diameter of 20 μm. The carbon nonwoven felt, baked at 1200 ºC during manufacturing, was free of residual organic material or resins. Hence, no cleaning was required before use. The high specific surface area of the felt makes it a good candidate for an enzyme immobilization process. Moreover, the porous carbon felt has a low-pressure drop and can enable easy diffusion of reaction mixture.

Glucose oxidase enzyme

Glucose oxidase from Aspergillus Niger type X-S G7141 with EC (1.1.3.4) and potassium dihydrogen orthophosphate were provided by Sigma-Aldrich (Germany). Glucose oxidase activity kit (K-GLOX 11/16) from Megazyme (Ireland) was used to assess the activity of free or immobilized enzyme. In addition, phosphate buffered saline (PBS) and Ferrocenecarboxylic acid (FCA) used in cyclic voltammetry test were also provided by Sigma-Aldrich (Germany).

Methods

Cold remote plasma treatment (CRP)

The experimental setup shown in (Supplementary data Fig. 2) is available in the University of Lille in France. The (N2 + O2) mixture was excited by an electrodeless microwave discharge (2450 MHz -800 W) in a fused silica tube (30 mm diameter) which was coupled to the treatment chamber (15 liters). The N2 flow, regulated by mass flow controllers Alphagaz was fixed at 2500 sccm (standard cubic centimeters per minute), while O2/N2 ratios were ranging from 1 to 2 %. Total working pressure was equal to 8.5 mbars. By a continuous pumping (primary rotary pump provided by Pfeiffer), the reactive excited species flow from the discharge to the treatment chamber located 0.9 m from the discharge where the CRP appears as a bluish-white afterglow. This zone, far from the discharge, is free of charged particles or UV radiations and its temperature is around the ambient.

Main reactive species are atomic nitrogen, vibrationnally and/or electronically excited nitrogen molecules and atomic oxygen. The long lifetime of nitrogen atoms due to a re-dissociation of nitrogen molecules allows getting a large volume expansion of this remote plasma on condition that O2 percentage remains lower than 5 %. The VCF were settled in the treatment chamber, and were treated during 15 min with the selected N2 + O2 mixture.

The treated samples were used directly after treatment, or stored in clean closed containers until use. This minimizes the access of light and humidity, which may accelerate ageing. Table 1 summarizes the nomenclature of each sample studied in this work. 

Enzyme immobilization

The method used for immobilization of glucose oxidase enzyme was physical adsorption. The different carbon-based samples (dimension 1 cm²) were each placed in 3 mL of phosphate buffer solution containing glucose oxidase (1 mg.mL -1 , with 0.0858 U.mg -1 ) at 4 ºC for 24 hours.

Immobilization using adsorption was carried out at two different pH values 5.5 or 7 for untreated and CRP treated carbon felts. It is worth mentioning that the samples treated with plasma were placed in the enzyme solution directly after treatment. The bio-functionalized carbon felts were then rinsed twice with phosphate buffer (pH 7) and stored at 4 ºC till use. The rinsing process was efficient enough to remove any unfixed enzyme; and this was confirmed using the GOx kit assay on the rinsing buffer solution: no pink coloration was observed (see section 3.5).

Surface Analysis

FTIR, SEM and XPS analyses

All FTIR analyses were performed in transmission mode (expressed in arbitrary units) with Nicolet NEXUS 670 FTIR in the range of wavenumbers between 400 -4000 cm -1 with 4 cm -1 resolution, and a correction for CO2 from air was performed. SEM images were taken using field emission scanning electron microscope JSM-7800F (LED detector, 6 KV accelerating voltage).

To obtain the XPS spectra, Kratos Axis Ultra DLD spectrometer with monochromatic Al KαX-ray source (hν = 1486.6 eV) working at 120 W (10 mA, 12 kV) was used. The base pressure of the analysis chamber was 2×10 -10 mbar. Survey scans were taken at analyzer pass energy of 160 eV over 1200 to -5 eV binding energy range with 1 eV step and a dwell time of 1sec. High-resolution spectra were collected using an analysis area of ≈ 300 µm × 700 µm and a 40 eV pass energy. Spectra were charge corrected to give the adventitious carbon C 1s spectral component C-(C, H) a binding energy of 285 eV. The XPS spectra were fitted using OriginLab ® software, and the accumulated peaks are shown without noise for convenience.

Water contact angle and capillary uptake measurements

For measuring water contact angle greater than 90°, sessile drop method using "Digidrop" from GBX Instrument (France) was used (Supplementary data Fig. 1 (b)). However, for lower water contact angle (< 90°), the porous felt immediately absorbed the water drop, and so a wicking test (Supplementary data Fig. 1(c)) was performed with 3S scale tensiometer from GBX instruments, to measure the water contact angle and capillary uptake. A rectangular piece of felt was used, its top area connected to the tensiometer at the weighing position, and the bottom area was progressively brought into contact with the surface of distilled water placed in a container. On immediate contact with water surface, a sudden increase in weight (Wm) was measured due to meniscus weight formation of the nonwoven carbon felt, and the water contact angle then calculated using Eq. 1.

× = × cos × Eq.1
Where Wm is the meniscus weight (g), γL is the surface tension of the liquid (mN.m -1 ), P is the sample perimeter that is in contact with the liquid (m), and θ is the water contact angle of the carbon felt (º).

Each sample was (3 X 5) cm 2 , and the time of the contact with the water was 3 min. Capillary weight was measured after removal of fabric from water surface. More details about this method can be found in previous work [START_REF] Leroux | Atmospheric air-plasma treatments of polyester textile structures[END_REF].

Method to quantify activity of GOx

Glucose oxidase activity Assay

Glucose oxidase activity was measured according to the enzyme's ability to catalyze the oxidation reaction of β-D-glucose. Hydrogen peroxide is released as a by-product of this reaction (Eq. 2 and 3).

The produced H2O2 enters in another reaction with p-hydroxybenzoic acid and 4-aminoantipyrine in presence of peroxidase enzyme (POD), which results in a pink colored complex (quinoneimine dye complex) at 25° C and pH 7.

β -D -glucose + + O -!"#$%$ -& -!'#($%) + Eq. 2 2 + + -,-.$/,0)%1$2# + 4 -'42%$'%(2+,.2%) 5 6
7"2%$%)242%) -,) + 4 O Eq. 3

The absorbance intensity of the colored complex was monitored at 510 nm, using a JascoV-350 UV-VIS spectrophotometer. For the assay, absorbance intensity at t = 20 min was recorded when 2 mL of POD mixture added to 0.5 mL of glucose (90 g.L -1 ), and then 0.5 mL of enzyme solution (1 mg.mL -1 with 0.0858 U.mg -1 ) added to the mixture. A calibration curve was thus plotted, which allowed to quantify the number of enzyme unit (mU) per 0.5 mL of enzyme solution.

Indeed, one unit of glucose oxidase is the amount of enzyme that oxidizes 1.0 μmole of β-D-glucose to D-gluconolactone and H2O2 per minute at pH 5.1 at 35 °C.

Method to quantify the activity of immobilized Gox

In order to quantify the activity of immobilized enzyme on one cm 2 of nonwoven felt, each sample was rinsed twice after immobilization, and then was immersed in the assay solution (2 mL of POD mixture + 0.5 mL of glucose (90 g.L -1 )). Moreover, absorbance values were measured after 20 min, using the UV spectrophotometer to assess the immobilized enzyme activity (deduced from the standard calibration curve provided by Megazyme (Supplementary data Fig. 3)). This method allows to quantify the activity of immobilized enzyme (U.cm -² ) and not the amount (in units) of enzyme protein immobilized.

CH Instruments electrochemical workstation was used for Cyclic Voltammetry (CV) measurements.

The cell has a standard three-electrode configuration. CH1650D software was used to collect the curves and OriginLab ® was used in plotting. The carbon felt samples were used as the working electrode (WE) with 1 cm 2 immerged surface area, Ag/AgCl as the reference electrode (RE), and platinum wire was used as a counter electrode (CE). The measurements were taken in a (0.01 M)

PBS buffer solution at pH 7 and room temperature, the scan window was -0.4 -0.6 V (-0.2 -0.8 V vs. Standard Hydrogen Electrode SHE). FCA was used as a mediator (30 mM), and D-glucose was added to the medium as a substrate of the enzyme. The scan rate of 0.01 V.s -1 was used unless it is mentioned otherwise, the current densities were normalized according to immerged surface area of the electrode (1 cm 2 ).

Method to quantify re-usability of immobilized Gox

The enzymatic activity assay was performed for multiple cycles for each sample as described previously, where one cycle refers to performing the activity assay for 20 min, followed by rinsing the sample twice with a buffer solution and restoring the sample at 4 ºC for at least 24 hours until the next cycle.

Results

Surface modification characterization

SEM images

SEM images in Fig. 1 show the different morphological changes occurring before and after CRP plasma treatment of the carbon fibers of the felt. The VCF have rough surface with striations and grooves running parallel to the fiber length. After CRP treatment, whatever gas mixtures (N2 + 1 % or 2 % O2), there is slight modification of the carbon fiber surface with an increased number of grooves showing higher depths. This observation is in agreement with a previous study concerning the use of CRP plasma on a woven carbon fabric [START_REF] Tiwari | Influence of cold remote nitrogen oxygen plasma treatment on carbon fabric and its composites with specialty polymers[END_REF].

FTIR spectra

The FTIR spectra after CRP of the VCF sample with both gas mixtures are illustrated in Fig. 2. The spectra confirm the integration of new functional groups on the surface of both plasma treated carbon fiber surfaces. New integrated groups, mostly oxygenated and amino groups appeared on the plasma treated samples. Functional groups detected by different peaks are described. The weak broad peak appeared at 3345 cm -1 was attributed to N-H stretching vibration of secondary amine [START_REF] Coates | Interpretation of Infrared Spectra, A Practical Approach[END_REF]. Presence of the peak at 1650 cm -1 was assigned to C=O stretching vibration of amide group [START_REF] Saito | Chemical treatment and modification of multi-walled carbon nanotubes[END_REF], and the peak between 1550-1640 cm -1 was attributed to N-H stretching vibration, indicate the presence of amide groups [START_REF] Socrates | Infrared and Raman Characteristic Group Frequencies[END_REF]. Double peaks at 2850 and 2920 cm -1 were assigned to stretching vibration of =C-H of an aldehyde and a peak at 1733 cm -1 was assigned to stretching vibration of C=O, indicate the presence of aldehyde groups [START_REF] Socrates | Infrared and Raman Characteristic Group Frequencies[END_REF]. The strong peak at 1030 -1155 cm -1 was attributed to stretching vibration of C-O of ether group [START_REF] Coates | Interpretation of Infrared Spectra, A Practical Approach[END_REF].

XPS analysis

The typical survey spectra by XPS of the VCF felt and of plasma treated CF 1% and CF 2% were conducted. The main photopeaks are labeled C 1s, N 1s and O 1s in the untreated VCF felt and plasma treated felt. C 1s, O 1s are predominant, while N 1s is also present in all the cases. Table 2 gives a more quantified data (in %) of different atomic contents on the different carbon felt fiber surfaces. Table 2 shows that more than three times the initial percentage of oxygen (18%) was present on the fiber surface after CRP treatment with 1% of oxygen. Nevertheless, further increase in oxygen content in the gas mixture (to 2%) did not increase significantly oxygen content of the CF 2% sample. Deconvolution of the C 1s photopeak (Fig. 3) shows for the CF 1% sample a peak at 284.8

eV which is related to graphitic carbon C-C, a second peak at 286.2 eV related to C-O and a third peak at 288.6 eV related to carbonyl C=O group. Meanwhile, for the VCF, the spectrum showed a sharp peak for the C 1s related to graphitic carbon C-C, with only 10 % of C-O content. CRP treatment increases significantly both C-O and C=O functional groups. FTIR indeed showed intense double peak between 2920 and 2850 cm -1 due to stretching vibration of aldehyde groups, and so the increase in C=O is due to aldehyde groups and possibly amides detected by FTIR. The C-O increase would be due to ether formation.

The VCF surface is composed of at least 3-4% of nitrogen atoms. Table 2 reveals very little increase in nitrogen content after the CRP treatment whatever the gas mixture used. Deconvolution of the N 1s photopeak (Fig. 3) shows a modification of the XPS spectra after the plasma treatment. On the VCF, the N 1s spectra show two main peaks related most probably to pyridinium at 401.5 eV, and to pyridine at 398.4 nm. The ratio of pyridine with respect to pyridinium is almost 1: 1.4 in the VCF.

With CF 1%, the intensity peak at 398.4 eV (pyridine) decreases abruptly, and a new intense peak between 400.1 eV and at 400.7 eV probably due to pyridone amines and amides appears [START_REF] Vautard | Influence of the carbon fiber surface microstructure on the surface chemistry generated by a thermo-chemical surface treatment[END_REF]. With CF 2%, the areal ratio of this last slightly lower.

Both pyridinium and pyridone are amine and amide bearing groups. Indeed, FTIR (Fig. 2) also indicates presence of secondary amine (at 3345 cm -1 ) and of C=O of amide (at 1650 cm -1 ) after plasma treatment.

Water contact angle measurements

The water contact angle of the VCF as received, using sessile drop method and distilled water was 116 ± 1º at room temperature (Supplementary data Fig. 1(b)). This hydrophobic tendency affects the affinity of the felts towards aqueous enzyme solutions, which are used for enzyme immobilization by physical adsorption. Thus, a reduction of the water contact angle is expected to lead to higher affinity with those mediums in order to facilitate the bio-functionalization treatments. One of the conventional ways to increase the wettability of carbon materials is treatment with hydrogen peroxide using 10 % H2O2 solution at 90 ºC for 3 hours [START_REF] Feng | Bio-electro-fenton process driven by microbial fuel cell for wastewater treatment[END_REF]. This treatment was efficient in reducing the water contact angle of carbon-based felts similar to ours, and in our study, it reduced the water contact angle by half. Nevertheless, this method has many disadvantages since it consumes both energy and long time due to constant heating for several hours. That makes plasma treatment a better candidate to achieve the same goals within a short time and without using heated chemical solutions.

To compare the effect of cold remote plasma on VCF carbon felts with the traditional hydrogen peroxide treatment, water contact angle and capillary uptake values of the samples were measured immediately after plasma treatment, and four weeks later, in order to study the ageing effect.

The variation of water contact angle capillary uptake values without and after plasma treatment is illustrated in Fig. 4(a) and Fig. 4(b). CRP was efficient in reducing the water contact angle of the VCF from 116° to around 57-59°, and increasing the capillary uptake from almost 0 % to 650 -700 %, in a short time and without using any added chemicals for both gas mixtures used. Higher wettability of the carbon felt was achieved with plasma gas mixture containing 2 % oxygen, with more than 700 % capillary uptake. However, after 4 weeks, a very small decrease in wettability was observed, in terms of both increase in water contact angle and a decrease in capillary uptake. The decrease in wettability was higher for the CF 2% compared to the CF 1%, with water contact angle increasing to 70°± 5 and capillary uptake decreasing to 570 %.

Indeed, water contact angle measurement is a measure of wettability of fiber surfaces at the outer felt surface, whereas, the capillary uptake is related to that of the fiber surfaces inside the carbon felt.

This would mean that ageing of oxidized species takes place both in the inside and the outer faces of the plasma treated carbon felt. However, compared to other types of plasma used to activate carbon fiber surface (e.g. active screen plasma [START_REF] Gallo | Surface functionalization of carbon fibers with active screen plasma[END_REF] ), the ageing effect with CRP (N2 + O2) plasma is very slow.

Characterization after enzyme immobilization

SEM images

The SEM images (Fig. 5) illustrates the felt samples bio-functionalized with GOx enzymes. On the CF 2% plasma treated samples, enzymes seem adsorbed directly onto the carbon fiber surface, as if they were on the upper extremities of the parallel grooves.

Immobilized Enzyme activity

The immobilized enzymatic activity was measured for all the bio-functionalized carbon felt samples, using the glucose oxidase activity kit as described in the section 3.4.1. As previously mentioned, the activity test was conducted at pH 7 and 25 ºC, according to the protocol provided by the producer.

However, for the adsorption of enzymes on 1 cm² carbon felt in 3 mL of enzyme solution, two different pH values were used (pH 5.5 and 7). The activity of immobilized enzyme on 1 cm² was compared to the total activity of enzyme (0.2574 U) present in 3 mL, and the "relative enzyme activity %" after immobilization was defined in Eq. 3. As can be seen (Fig. 6) on untreated carbon (VCF) felt, only 35 % of the total free enzyme activity was reached after immobilization at pH 7 or pH 5.5, while CRP treatment allowed to reach enzyme activity as high as 55 to 60 % during the first cycle. Plasma treated samples (CF 1% and CF 2%) gave higher relative enzymatic activity values in most cases compared to VCF samples.

When enzymatic activities are compared for enzymes sorbed at pH 5.5 and pH 7, the pH 5.5 value (Fig. 6(b)) gave higher enzymatic activities after immobilization process, for all three felt samples (VCF, CF 1 % and CF 2 %) Furthermore, the stability and reproducibility of these samples were better at pH 5.5 than at pH 7. It is worth mentioning that the enzymatic activity of free enzymes in 3 mL the buffer solution used for enzyme sorption on 1 cm² of carbon felt, was around 0.08 U.mL -1 . Enzyme immobilization via adsorption, maintained part of enzymatic activity after immobilization, since not all free enzymes would be immobilized, and all immobilized enzyme do not necessarily maintain their biocatalytic activity after immobilization.

The cyclic voltammetry scans for the CF 1% samples in the absence and presence of different concentrations of D-glucose (8.5, 17 and 25.5 mM) are illustrated in Fig. 7. An increase of the biocatalytic current occurred due to the increase of the glucose added to the medium, which indicates that the GOx maintained an enzymatic activity after the immobilization and the obtained felts are bioactive.

It is worth mentioning that, above the concentration 30 mM of glucose, no further increase in the currents, a plateau was reached at around 3.5 mA and a potential of around 0.5 V (0.7 V vs. SHE).

This was applicable in the case of CF 2% as well.

To estimate the parameters of the enzyme kinetics, Michaelis-Menten equation was used [START_REF] Shim | Covalent co-immobilization of glucose oxidase and ferrocenedicarboxylic acid for an enzymatic biofuel cell[END_REF],

Lineweaver-Burk method was used to estimate the apparent Michaelis constant (km) and the maximum current response (Imax) for the different samples (Supplementary data Fig. 4, Fig. 5). The maximum current Imax reached 1.22, 2.92 and 3.8 mA, while the apparent km = 2.7, 3.8 and 5.2 mM for VCF, CF 1% and CF 2%, respectively (R 2 = 0.998, 0.996, 0.998, respectively).

Reusability of the bio-functionalized felts

The enzymatic activity of all samples decreased with the number of repeated cycles. The samples with no plasma treatment (VCF) showed no enzymatic activity after the fourth cycle. The plasma treated bio-functionalized samples CF 1%, maintained better enzymatic activity after a higher number of repeated cycles, with only 50 % of activity loss after the sixth cycle (Fig. 6 (a) and (b)).

Discussion

The purpose of this study was to investigate the efficiency of cold remote (N2 + O2) plasma to activate Virgin Carbon Felt (VCF), for optimized enzyme GOx immobilization.

CRP treatments used here, revealed to be an efficient method to activate the surface of conductive carbon fiber surfaces. The CRP leads to physical and chemical modification of the carbon fiber surfaces. Our results agree with literature when using reactive plasma gas mixtures like oxygen and nitrogen, the main dominant effects are expected to be etching and surface functionalization [START_REF] Ozgen | Surface characterization and radical decay studies of oxygen plasma-treated PMMA films[END_REF].

In CRP, the carbon fiber samples are treated far from the discharge, in a reactive zone free from ions, electrons and UV radiations. This approach was efficient in treating the conductive felts used in this study without direct exposure to dielectric discharges. The etching effect is thus limited.

In accordance, SEM images showed slight topographical changes of VCF after the CRP treatment.

Both FTIR and XPS characterizations confirmed the integration of new functional oxygenated groups (such as C-O and C=O) as well as amino groups, after CRP treatment with both plasma gas mixtures. The percentage of oxygen atoms on the carbon fiber was multiplied more than three times, with the introduction of aldehyde, ether, and amide groups. No further significant increase in oxygen or nitrogen atom content was observed when the 2% of oxygen was used instead of 1% in the plasma gas mixture.

A significant ratio of nitrogen atom (4%) was already present on the untreated carbon fiber, contrary to a previous study [START_REF] Tiwari | Influence of cold remote nitrogen oxygen plasma treatment on carbon fabric and its composites with specialty polymers[END_REF], and this may be explained by the fact that the carbon fiber felt used in this study has been obtained by the oxidation of nitrogen containing polyacrylonitrile (PAN). After CRP, very small variation in nitrogen atom content was observed. FTIR showed peaks due to secondary amine and amide groups after CRP, while XPS revealed that on the virgin carbon, almost 50% of the nitrogen atoms were from pyridine groups, which were gradually converted by CRP into pyridone. Fig. 8 shows the possible functional groups on the virgin carbon fiber produced from polyacrylonitrile and the possible functional groups created by the CRP (N2 + O2) treatments used, this figure is adapted from [START_REF] Park | Precursors and Manufacturing of Carbon Fibers[END_REF].

Most of these new functional oxygenated groups should be formed on fiber surfaces both at the outer surface and inside the felt, resulting in increase in wettability both in terms of decreased water contact angle and increased capillary uptake. Hydrophobic recovery due to ageing was indeed very slow.

The enzymatic activity of GOx deviated when pH 7 was used during the immobilization process, compared with the activity values for adsorption at pH 5.5, which showed to be slightly better and more stable. This might be due to the optimal pH value for glucose oxidase activity (EC 1.1.3.4).

While each enzyme functions within a specific range of pH, for each enzyme there is an optimal pH value, at which the enzymatic activity can be maximal if the other conditions such as temperature are maintained [START_REF] Kahoush | Bio-Fenton and Bio-electro-Fenton as sustainable methods for degrading organic pollutants in wastewater[END_REF]. For the glucose oxidase, the pH range is reported to be broad and it can be active between pH 4 and 7, but the optimal activity can be obtained in mediums with pH 5.5 [START_REF] Aldrich | Glucose Oxidase from Aspergillus niger Product information[END_REF]. In general, plasma treated samples gave better enzymatic activity, re-usability and shelf life when compared to the non-treated VCF samples. This can be explained by better bonding between the surfaces and the immobilized enzymes due to the integration of groups such as carbonyl groups and amino groups on the surface of the samples after plasma treatment for both gas mixtures. These groups help to create the hydrogen bonding with the adsorbed enzymes and possible covalent bonding with the amino acids of the enzymes, and this leads to less leaching of the enzyme into the reaction medium, and consequently an extended reusability even when immobilized in a neutral buffer solution. Furthermore, the conformation of the enzyme at the fiber surface allowed the substrate to access the active site of the enzyme, which resulted in maintaining enzymatic activity and reusability. The Imax values estimated from the CV scans show that the plasma treated felts gave higher currents (for one cycle scan), in accordance with the colorimetric assay for the enzyme. Since

Imax is attributed to the quantity of the active units of enzyme, thus the plasma treatment improved the adsorption of the enzyme on the surface of the treated felts, in comparison with the VCF. However, Km values indicate that a slight decrease in the enzyme's affinity towards its substrate occurred after the immobilization on the plasma treated felts, which might be due to the increased hydrogen and covalent bonding between the new integrated functions on the carbon fibers and the enzyme. That requires only a slight increase in the substrate's concentration to reach the maximum enzymatic activity. Nevertheless, this small reduction in the affinity was compensated by the higher quantity of active units adsorbed on these samples which resulted in higher currents and activity overall.

It can be noticed from the results, that the increased percentage of oxygen used in the gas mixture to 2% did not have a proportional influence on the treated samples when compared to 1%. However, the more rapid loss in enzymatic activity during the 6 th cycle, for sorption at pH 5.5, with CF 2%, may be explained by the more rapid ageing effect of the CF 2% compared to CF 1%. Hence, further studies on the different percentages of the gas mixture can be beneficial in determining the optimal mixture for better wettability of the carbon-based textile materials.

Conclusion

It can be concluded based on this study, that the cold remote (N2 + O2) plasma treatment allowed successful functionalization of the conductive carbon fibers, with carbon fiber enriched with hydrophilic functional groups (carbonyl, amino, amides, etc.) leading to a significant increase in wettability of the carbon-based samples. Consequently, it improved the GOx enzyme immobilization process on the conductive supports, with improved enzymatic activity.

Furthermore, the stability and reusability of the bio-functionalized felts were improved for the plasma treated samples overall. Hence, it is shown that cold remote (N2 + O2) plasma is an interesting non-destructive dry method for surface modification of conductive carbon-based felts as pre-treatment before enzyme immobilization processes. These bio-functionalized felts can be used as electrodes in biofuel sustainable systems like biosensors or biofuel cells. Black and white
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Table 1

 1 Nomenclature of each sample

	Without plasma	With plasma	With plasma
	treatment	CRP ( N2 + O2)	CRP (N2 + O2)
		Ratio of O2/N2=1%	Ratio of O2/N2=2%
	VCF	CF 1%	CF 2%

Table 2 :

 2 Atomic content (%) as measured by XPS

		C 1s	C-C C-O C=O O 1s	N 1s
	VCF	90	90	10	5.36	4.22
	CF 1%	76	56.2 29.8 14	18.37	4.52
	CF 2%	75	56.2 30.9 12.9 19.65	4.44
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