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Introduction

Genipin from Gardenia Jasminoides Ellis fruit extract, is a naturally occurring crosslinker [START_REF] Muzzarelli | Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids[END_REF].

Genipin has been used as an anti-inflammatory agent, as well as to treat diabetes -type (II) in Chinese medicine [START_REF] Zhang | Genipin inhibits UCP2-mediated proton leak and acutely reverses obesity-and high glucoseinduced β cell dysfunction in isolated pancreatic islets[END_REF]. It is biocompatible and it is about 5000 -10000 times less cytotoxic than the conventional glutaraldehyde crosslinking agent [START_REF] Sung | In vitro evaluation of cytotoxicity of a naturally occurring cross-linking reagent for biological tissue fixation[END_REF]4]. In recent years, genipin has been used extensively in research for crosslinking gelatin and chitosan in medical applications such as tissue engineering [START_REF] Muzzarelli | Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids[END_REF]. According to literature, only primary amines may react covalently with genipin, and form blue pigments. A crucial condition for this pigment formation is the presence of oxygen [START_REF] Touyama | Studies on the blue pigments produced from genipin and methylamine. I. Structures of the brownish-Red pigments, intermediates leading to the blue pigments[END_REF].

According to previous studies, genipin molecule is capable of crosslinking two free amino groups of lysine residues on the protein macromolecular chains [START_REF] Elzoghby | Implications of Protein-and Peptide-Based Nanoparticles as Potential Vehicles for Anticancer Drugs[END_REF].

Genipin has been used as crosslinking agent for chitosan in many applications from medicine to food industry [START_REF] Muzzarelli | Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids[END_REF][START_REF] Klein | Chitosan crosslinked with genipin as support matrix for application in food process : Support characterization and ␤ -d -galactosidase immobilization[END_REF][START_REF] Ma | Crosslinking strategies for preparation of extracellular matrix-derived cardiovascular scaffolds[END_REF]. Studies reported its use as a crosslinker for different carbohydrates and proteins such as soy protein, chitosan, gelatin, collagen and alginate in biomedical applications [START_REF] Reddy | Crosslinking biopolymers for biomedical applications[END_REF]. It has been used as a replacement of formaldehyde with gelatin to form bio-adhesives [START_REF] Liang | Crosslinking structures of gelatin hydrogels crosslinked with genipin or a water-soluble carbodiimide[END_REF], and to produce hydrogel that is pH-sensitive via reaction with chitosan and alginate, for applications related to drug delivery [START_REF] Chen | A novel pH-sensitive hydrogel composed of N,O-carboxymethyl chitosan and alginate cross-linked by genipin for protein drug delivery[END_REF]. In food industry, it has been used to produce a stable hydrogel network with agar-kappacarrageenan [START_REF] Meena | Development of a stable hydrogel network based on agar-kappa-carrageenan blend cross-linked with genipin[END_REF]. The production of bioelectrodes has been reported using genipin, chitosan, laccase enzyme, and carbon nanotubes. These bioelectrodes displayed stability and biocompatibility in vivo to produce energy from the body [START_REF] Ichi | Bioelectrodes modified with chitosan for long-term energy supply from the body[END_REF]. The adhesion of cells seemed to be improved by producing a hydrogel from silk and genipin, which resulted in blue pigment formation as well [START_REF] Zhang | Genipincross-linked silk sericin/poly(N-isopropylacrylamide) IPN hydrogels: Color reaction between silk sericin and genipin, pore shape and thermo-responsibility[END_REF].

The use of genipin has been reported in literature for immobilization of redox enzymes, by crosslinking chitosan and gelatin to form a hydrogel or a matrix able to entrap the redox enzymes [START_REF] Hyun | New Biocatalyst including a 4-Nitrobenzoic Acid Mediator Embedded by the Cross-Linking of Chitosan and Genipin and Its Use in an Energy Device[END_REF][START_REF] Conghaile | Glucose oxidation by enzyme electrodes using genipin to crosslink chitosan, glucose oxidase and amine-containing osmium redox complexes[END_REF]. However, the direct reaction and crosslinking of genipin with pure redox enzymes has been rarely reported in literature. One study reported the use of genipin to crosslink glucose oxidase (GOx) with a catalase enzyme for synthesis of gluconic acid [START_REF] Cui | Genipin Cross-Linked Glucose Oxidase and Catalase Multienzyme for Gluconic Acid Synthesis[END_REF]. That attempt showed to be successful in distance-reduction between the two enzymes, to improve the efficiency of gluconic acid production. hydrogen peroxide production, through reactions that are catalyzed by enzymes that produce hydrogen peroxide as a main or by-product, as glucose oxidase, in presence of iron ions and a substrate for enzymatic activity as D-glucose (Eq. [START_REF] Muzzarelli | Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids[END_REF][START_REF] Zhang | Genipin inhibits UCP2-mediated proton leak and acutely reverses obesity-and high glucoseinduced β cell dysfunction in isolated pancreatic islets[END_REF][START_REF] Sung | In vitro evaluation of cytotoxicity of a naturally occurring cross-linking reagent for biological tissue fixation[END_REF]. This method reduces the danger of H2O2 storage and transfer and contributes to safety improvement at work environment [START_REF] Forti | Electrochemical synthesis of hydrogen peroxide on oxygen-fed graphite/PTFE electrodes modified by 2-ethylanthraquinone[END_REF]. Recently, this method gained attention for applications of wastewater treatment from different sources like dyes (Malachite Green and Acid Blue 113) and nonionic surfactants in wastewater [START_REF] Elhami | Preparation of heterogeneous bio-Fenton catalyst for decolorization of Malachite Green[END_REF][START_REF] Eskandarian | Bio-Fenton process for Acid Blue 113 textile azo dye decolorization: characteristics and neural network modeling[END_REF][START_REF] Hung | Bio-Fenton reaction involved in the cleavage of the ethoxylate chain of nonionic surfactants by dihydrolipoamide dehydrogenase from Pseudomonas nitroreducens TX1[END_REF]. However, those studies were conducted using a free-state enzyme/bacterial enzyme, or enzyme immobilized on porous materials such as kissiris (volcanic material). Despite their efficiency, additional steps are required to ensure denaturation of enzymes post-treatment, which result in added costs due to the loss of biocatalysts. Therefore, enzymes may benefit from immobilization on substrate, to have better control of the process and to reduce biocatalysts loss in reaction mixture post-treatment [START_REF] Kahoush | Bio-Fenton and Bio-electro-Fenton as sustainable methods for degrading organic pollutants in wastewater[END_REF][START_REF] Morshed | An overview on biocatalysts immobilization on textiles: preparation, progress and application in wastewater treatment[END_REF].

Another sustainable approach for wastewater treatment is Bio-Electro-Fenton (BEF). This process depends on the bioactivity of microbes to generate the power needed to stimulate electro-Fenton process, which requires energy consumption [START_REF] Wang | Treatment of highammonia-nitrogen landfill leachate nanofiltration concentrate using an Fe-loaded Ni-foambased electro-Fenton cathode[END_REF][START_REF] Basturk | Simultaneous degradation of cephalexin, ciprofloxacin, and clarithromycin from medical laboratory wastewater by electro-Fenton process[END_REF]. In (BEF) setups, electrons are released due to biological activity in anodic chamber. These electrons are transferred through the electrically conductive anode to the cathode by an external electrical circuit. In cathodic chamber, hydrogen peroxide is continuously generated by reduction of oxygen on the cathode material to form hydrogen peroxide that is required for Fenton reaction. Usually this type of process is held in reactors of different designs, and using microbial consortiums in anodic chamber, and an iron source in cathodic chamber to achieve the goal. BEF was used to treat different types of pollutants from sources such as food industry, textile, and pharmaceutical, detailed studies on (BF) and (BEF) process are found elsewhere [START_REF] Kahoush | Bio-Fenton and Bio-electro-Fenton as sustainable methods for degrading organic pollutants in wastewater[END_REF][START_REF] Hugo Olvera-Vargas | Bio-electro-Fenton: A New Combined Process -Principles and Applications[END_REF][START_REF] Li | Bio-electro-Fenton processes for wastewater treatment: Advances and prospects[END_REF][START_REF] Wang | Bio-Electron-Fenton (BEF) process driven by sediment microbial fuel cells (SMFCs) for antibiotics desorption and degradation[END_REF][START_REF] Li | Enhanced Bio-Electro-Fenton degradation of phenolic compounds based on a novel Fe -Mn / Graphite felt composite cathode[END_REF][START_REF] Chen | Innovative multiprocessed Ndoped carbon and Fe 3 O 4 cathode for enhanced bioelectro -Fenton microbial fuel cell performance[END_REF][START_REF] Qin | Self-assembled Fe3+@spores as a sustainable heterogeneous Fenton catalyst for arsenite removal[END_REF][START_REF] Ribeiro | Fenton processes for AOX removal from a kraft pulp bleaching industrial wastewater: Optimisation of operating conditions and cost assessment[END_REF][START_REF] Abdi | Continuously deoxygenation of water in a reactor packed with glucose oxidase immobilized in MnO2/calcium alginate composite[END_REF][START_REF] Feng | Biochar enhanced the degradation of organic pollutants through a Fenton process using trace aqueous iron[END_REF][START_REF] Moradi | A review on pollutants removal by Sono-photo -Fenton processes[END_REF].

Textile industry contributes significantly to wastewater production, which raises the need to overcome this global concern. It is estimated that the disposed effluents from wet processes in textile industry are rich in additives and color, ranging from 2 to 50 % of dye loss in effluents. The heavily used reactive azo dyes are particularly concerning, since their removal from wastewater is not easy, and may cause cancers in some conditions [START_REF] Punzi | Treatment of synthetic textile wastewater by homogeneous and heterogeneous photo-Fenton oxidation[END_REF]. Remazol Blue RR (RB) by Dystar, is the modal dye used in this study since it is intensively used worldwide. It contains both formazan-vinylsulfone-copper complex reactive azo dye and disazo-divinylsulfone, with maximum absorbance wavelength via UV-Vis at 605 nm [START_REF] Toh | Decolourisation of azo dyes by white-rot fungi (WRF) isolated in Singapore[END_REF].

Studies have been conducted to remove (RB) from textile wastewater, using different physical, chemical and biological treatments. After 24 -72 h of treatment with Clostridium, a complete decolorization of (RB) was achieved [START_REF] Ekambaram | Decolorization and biodegradation of remazol reactive dyes by Clostridium species[END_REF]. Other methods included the use of white-rot fungi [START_REF] Toh | Decolourisation of azo dyes by white-rot fungi (WRF) isolated in Singapore[END_REF],

anaerobic treatment [START_REF] Jonstrup | Sequential anaerobic-aerobic treatment of azo dyes: Decolourisation and amine degradability[END_REF], treatment with laccase enzyme within a membrane reactor which yielded high color removal [START_REF] Mendoza | Azo dye decolorization by a laccase/mediator system in a membrane reactor: Enzyme and mediator reusability[END_REF], adsorption on Neem tree leaf powder [START_REF] Immich | Adsorption of Remazol Blue RR from Textile Effluents Using Azadirachta Indica Leaf Powder as an Alternative Adsorbent[END_REF], alumina-coagulation adsorption [START_REF] Balkaya | Use of aluminium-coagulated water treatment residue in the treatment of dye containing wastewater, Desalin[END_REF], and photo-Fenton degradation [START_REF] Punzi | Treatment of synthetic textile wastewater by homogeneous and heterogeneous photo-Fenton oxidation[END_REF]. Degradation levels of (RB) have not been measured in most of these studies and the focus was to achieve color removal. It is reported in literature, that the degradation of RB is a complex process, since it is persistent pollutant and can produce dangerous amines is some cases.

Hitherto and to the best of our knowledge, crosslinking of GOx directly with genipin for immobilization on conductive textile material has not been reported.

Herein, an attempt of conducting the mentioned crosslinking reaction in order to immobilize GOx was carried out, with the objective to obtain bio-functionalized carbon-based textiles with fewer steps and lower toxicity. The obtained felts have been evaluated in two sustainable approaches of wastewater treatment, using (BF) and (BEF) for color removal and degradation of (RB) dye solution. To characterize the obtained samples and to evaluate the success of the crosslinking process, UV-Vis spectroscopy, optical microscope, and Fourier Transform Infrared (FTIR) were used. In addition, colorimetric assays and cyclic voltammetry tests were conducted to evaluate the bio/electro-activity of the immobilized crosslinked GOx. The efficiency of the used methods was assessed for both color removal and the degree of pollutant degradation post-treatment, using UV-Vis spectroscopy and Chemical Oxygen Demand (COD), since color removal does not accurately reflect the level of (RB) degradation, thus COD removal will be a better indicator.

This study reports one of initial attempts to achieve (BF) with immobilized enzyme on a textile material, as well as one of the first attempts to achieve enzymatic (BEF) reactor. The use of enzymes in these processes is expected to improve the reusability of the catalysts, and to have better control of the operation, with source-efficient approach overall and minimum sludge production when compared to the use of microbial consortium.

Experimental

Materials

Commercial Polyacrylonitrile (PAN)-based carbon felt was provided by Ceramaterials (USA), with an average fiber diameter of 20 μm and 3 mm thickness (properties in Fig. 5). Genipin with >98% purity was provided by FUJIFILM Wako Chemicals (USA). Glucose oxidase enzyme EC (1.1.3.4) type (X-S G7141), D-glucose, phosphate buffered saline (PBS), ferrocenecarboxylic acid (FCA) and FeSO4.7H2O were provided by Sigma-Aldrich (Germany). FuelCells Etc (USA) provided Nafion ® -type (N 211). Megazyme (Ireland) provided activity kit for the enzyme (K-GLOX 11/16). Mercury-free chemical oxygen demand (COD) vials were supplied by CHEMtrics (USA) in the range of 0 -15000 mg.L -1 . Remazol ® Blue RR (RB) dye was supplied by Dystar (Germany). Finally, Adams & Chittenden Scientific Glass (USA) provided the glassware used in (BEF) setup.

Methods

CRP Plasma treatment

The carbon felt was activated by cold remote plasma (CRP) using gas mixtures of nitrogen and oxygen, with O2/ N2 ratio being 1%. The gas mixture was subjected to an electrodeless microwave discharge (2450 MHz -800 W), creating a plasma that was transported to activate the carbon felt placed at 0.9 m from the discharge. Detailed description of the treatment is available in a previous study [START_REF] Kahoush | Surface modification of carbon felt by cold remote plasma for glucose oxidase enzyme immobilization[END_REF].

Carbon fiber felt used in this study was indeed synthesized by the oxidation of nitrogen containing polyacrylonitrile (PAN). FTIR showed that after the plasma treatment, integration of new functional oxygenated groups (such as C-O and C=O) as well as amino groups were detected. While XPS showed a three-fold increase in oxygen content, with introduction of aldehyde, ether, and amide groups, and revealed that almost 50% of the nitrogen atoms in virgin carbon were from pyridine groups, which were gradually converted by CRP into pyridone (aromatic secondary amides) (Fig. 1) [START_REF] Kahoush | Surface modification of carbon felt by cold remote plasma for glucose oxidase enzyme immobilization[END_REF]. 

GOx immobilization and activity assay

To immobilize the glucose oxidase (GOx), genipin solution with two concentrations (30 mM or 60 mM) was prepared using distilled water. GOx enzymes in powder form were then added to previous solutions (1 mg.mL -1 ), and stirred for 30 min at room temperature. 1 mL of the obtained mixture was added to each 1 cm 2 of carbon felt sample used. Each sample was immersed in the mixture for 24 h at 4 ºC. Then all samples were rinsed twice with a buffer solution at pH 7 and stored at 4 ºC until use.

The degree of cross-linking as a function of time was assessed by quantifying color development due to reaction of GOx enzyme with genipin by colorimetric approach in the blue region of the UV-Vis spectrum.

Glucose oxidase activity (free and immobilized) was measured according to the ability of the enzyme to catalyze the oxidation reaction of β-D-glucose. The released H2O2 enters in another reaction with phydroxybenzoic acid and 4-aminoantipyrine in the presence of peroxidase (POD) enzyme, which results in a pink-colored complex (quinoneimine dye complex) at pH 7 and 25 °C [START_REF] Kahoush | Surface modification of carbon felt by cold remote plasma for glucose oxidase enzyme immobilization[END_REF]. Hence followup of the absorbance intensity of the colored complex at 510 nm, allows quantifying the GOx activity.

The relative enzymatic activity of the immobilized GOx enzymes using genipin on different carbon felt samples, was compared to that of GOx at free-state in the cross-linked mixture of GOx/genipin (0.62 ± 0.04 and 0.69 ± 0.007 U.mL -1 for samples produced using 30 mM and 60 mM of genipin, respectively), without immobilization on carbon-based samples.

Bio-Fenton (BF)

To perform bio-Fenton (BF) process [START_REF] Kahoush | Bio-Fenton and Bio-electro-Fenton as sustainable methods for degrading organic pollutants in wastewater[END_REF], 1 cm² of the fibrous carbon samples with immobilized GOx was each placed in a beaker that contains 5 mL of the (BF) mixture. This mixture contained 0.05 M of D-glucose as a substrate for GOx, 1.5 g.L -1 of FeSO4.7H2O as a free source of ferrous ions used in Fenton reaction, and 0.05 g.L -1 of (RB) dye. Adjusting the pH to 4.5 was achieved using acetic acid, and the temperature of the mixture was fixed to 30 ºC. The (BF) process was carried out for 3 h without stirring, for each cycle. For the post-treatment, the samples were removed from the reactional mixture, rinsed twice with buffer solution at pH 7, and then stored at 4 ºC until use.

Bio-Electro-Fenton (BEF)

The prototype setup used for enzymatic (BEF) is shown in (Supp.data. Fig 1), the reactor contained two chambers, anodic and cathodic with membrane separating them. The anodic chamber contained bio-anode with 3 X 5 cm 2 dimensions (obtained as described in GOx immobilization paragraph). The anode was totally immersed in 100 mL of the anodic solution. The solution in this chamber contained 0.01 M of (PBS), 0.1 M (D-glucose), and 30 mM of Ferrocenecarboxylic acid (FCA), as a mediator of GOx. pH was adjusted to 5.5 in favor of the enzymatic activity of GOx. The reaction in the anodic compartment is presented in (Eq. 1).

On the other hand, the cathode used in the cathodic chamber was of the same dimensions as the bio-anode, and consisted of a bare carbon felt having been subjected to CRP plasma treatment with 1% oxygen (PCF).

The solution in this compartment contained 0.01 M of (PBS), 1.5 g.L -1 iron sulphate hyptahydrate (FeSO4.7H2O) as a source of iron, and 0.05 g.L -1 (RB) dye. pH of this solution was 3.5 in favor of Fenton reaction as presented in (Eq. 2, 3) [START_REF] Álvarez-Gallegos | Review Article Recent Overview of Solar Photocatalysis and Solar Photo-Fenton Processes for Wastewater Treatment[END_REF].

In order to connect the electrodes in both chambers, external wires were used after attaching them to 2 cm of platinum wire (diameter = 0.4 mm) to hook both electrodes in place. The wires were then connected to a measuring unit (NI-USB 6229 BNC powered by LabVIEW NXG software).

The distance between electrodes was fixed to 10 cm. Proton exchange membrane Nafion ® (N 211) was used to separate the chambers. The duration of each experiment was set to 12 h, using external resistance of 10 Ω and a temperature of 21 ºC.

The equations at anodic (Eq. 1) and cathodic (Eq. 2, 3) compartments are described

D -Glucose Gluconic acid + O + 2 H + 2e (1) 
H O + Fe → Fe + OH + OH • (2) = 63 $ % & % H O + Fe → Fe + H + OOH • (3) = 1 × 10 $ % & %

Discoloration of the dyestuff and COD removal

Water contamination level is evaluated by COD determination, by measuring the equivalent amount of oxygen required to oxidize organic matter in the sample. On the other hand, discoloration of the dye (RB) was calculated by measuring the maximum absorbance peak at 605 nm wavelength before and after treatment.

Both methods are detailed in supplementary data (See supplementary data section 2).

In order to obtain FTIR spectra, Nicolet 5700 by Thermo Fisher was used. Dry powders of both GOx and genipin were used in KBr pellets, while a droplet of the solution of (GOx 1 mg.L -1 with genipin 60 mM) was placed on the KBr pellet via capillary to obtain the spectrum of the reactional mixture.

To obtain SEM micrographs and energy-dispersive X-ray spectroscopy (EDS) spectra, field emission scanning electron microscope HITACHI TM3030 was used, with accelerating voltage of 15 KV and gold coating prior to scans.

Electrochemical workstation "CH Instruments" was used for cyclic voltammetry (CV) measurements.

The cell is provided with a standard configuration of three-electrode, and the working electrode used was 1 cm 2 of carbon-based felt totally immersed in the electrolyte. The reference electrode used was Ag/AgCl, and the counter electrode was a platinum wire. The CV measurements were performed in phosphate buffered saline solution (PBS 0.01 M) at pH 7 and room temperature. The scan window was -0.4 -0.6 V. Ferrocenecarboxylic acid (FCA 30 mM) was used as a mediator for the enzyme to facilitate electron transfer with the surface of the electrode. D-glucose was added to cell's medium as a substrate of GOx. The scan rate was 0.01 V.s -1 , unless it is mentioned otherwise.

To estimate the apparent enzyme kinetics, Lineweaver-Burk method was used. The procedure is described in detail elsewhere [START_REF] Kahoush | Influence of remote plasma on PEDOT:PSS-coated carbon felt for improved activity of glucose oxidase[END_REF]. KEYENCE-VHX digital microscope system was used to obtain the optical images in real colors, using white or black background material and magnification of X200, no correction was applied to the images.

Nomenclature of samples

The main samples used in this study were referred to as follows: virgin carbon felt with GOx immobilized via physical adsorption as (VCF), virgin carbon felt with genipin crosslinked GOx as (VCF-G), and carbon felts with CRP plasma treatment and genipin crosslinked GOx using 30 or 60 mM of genipin as (PCF -G).

Results

Analysis of crosslinking mixture (Genipin + GOx) before immobilization on carbon felts

Color development of crosslinking mixture

In order to study the reactional mixture of (GOx) enzyme and genipin cross-linker before immobilization on different carbon felts, UV-Vis spectrophotometer was used. The UV-Vis spectrum of the mixture was studied as a function of time. After 1 h, the pale yellow initial color of the mixture persisted, with a significant absorbance peak in the range of wavelength of 200 -300 nm (Supp.data.Fig 4), assigned to both genipin and GOx that have maximum absorbance peaks around 240 nm [START_REF] Muzzarelli | Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids[END_REF] and 280 nm [START_REF] Aldrich | Glucose Oxidase from Aspergillus niger[END_REF], respectively.

However, after 8 h, a new peak appeared in the blue region around 600 -605 nm. This peak was even more intense after 24 h (Fig. 2). The formation of blue pigment precipitate in the reactional mixture was detectable by naked eye, and the enzyme/genipin mixture yielded a blue-hint coloration despite the low concentration of GOx used. When a higher concentration of 60 mM of genipin was used in reaction without changing GOx concentration, the same phenomena were observed. However, precipitation of genipin crystals was noticed due to its high concentration in the mixture, and some of these crystals were tinted dark blue color, as observed by naked eye and under microscope (Fig. 3), mostly on the side in direct contact with water (Supp.data. Fig 5). 

FTIR analysis of crosslinking mixture

Spectra of genipin, GOx and their reactional mixture after 24 h of crosslinking are illustrated (Fig. 4). The spectrum of genipin powder showed an absorption peak at 1680 cm -1 , which was assigned to stretching vibrations of carboxymethyl group (C=O), and another absorption peak at 1622 cm -1 that was attributed to C=C vibration of the olefin ring in genipin [START_REF] Li | Genipin-crosslinked electrospun chitosan nanofibers: Determination of crosslinking conditions and evaluation of cytocompatibility[END_REF]. The peak appeared in the region around 2800 -3000 cm -1 was attributed to C-H stretching vibration. The double peak between 3000 and 3600 cm -1 in genipin spectrum is most probably due to overlapping of aromatic C-H and O-H vibration bands. Concerning the spectrum of GOx enzyme, it showed a peak at 1560 cm -1 that was assigned to primary amines. This peak did not appear in the spectrum of crosslinking mixture after reaction for 24 h. Meanwhile, for the crosslinking mixture, the peak at 1642 cm -1 was more intense, and it was assigned to aromatic amine groups formation [START_REF]Infrared and Raman Characteristic Group Frequencies Contents[END_REF]. In addition, the peak at 1400 cm -1 was assigned to C-N stretching vibration and the peak at 3450 cm -1 was attributed to stretching vibration of OH group of the crosslinked mixture in addition to hydroxyl groups from water in the reactional mixture. 

Analysis of the crosslinked enzyme after immobilization on carbon-based samples

SEM micrographs

Micrographs obtained by SEM (Fig. 5) illustrate the deposition of the enzyme crosslinked with genipin on different carbon-based samples. The distribution and density of the crosslinked aggregates seemed dispersed and quite similar for samples before and after CRP plasma treatment, for both concentrations of genipin used.

13

However, the aggregates on the plasma treated samples with higher concentration of genipin seemed slightly denser compared to other samples. It is worth mentioning that the size and shape of the aggregates differed even within the same sample, and this was confirmed by micrographs taken in various regions of the same sample. 

Energy-dispersive X-ray spectroscopy spectra

EDS spectra of different carbon samples, showed the presence of nitrogen (N) on the aggregate areas of samples with crosslinked GOx with genipin (Fig. 6). This nitrogen peaks were absent in the case of carbon felt without plasma treatment nor immobilized enzyme, additionally genipin does not contain any nitrogenated groups in its native structure. Overall, the percentage of nitrogen (N) showed to increase for plasma treated samples. The other elements appeared in the spectra were mainly carbon (C) and oxygen (O).

These two elements are present in both the carbon samples and in the crosslinking mixture. Traces of gold were detected due to the conductive coating on the samples prior to the scan. The increased number of deeper striations and grooves that have appeared on carbon fiber surface after plasma treatment seemed to be less visible after coating with crosslinking mixture, and crystalline precipitates were also visible. 

Enzymatic activity and re-usability of the crosslinked immobilized GOx

The relative enzymatic activity of the GOx enzymes immobilized on carbon felts through crosslinking with both concentrations of genipin (30 mM and 60 mM) are illustrated (Fig. 7). These activity values are presented as a percentage of the activity of GOx enzymes in the cross-linked aggregates in their free state without immobilization on carbon felt. The results are shown for 6 cycles of activity, where one cycle refers to performing the enzymatic assay, followed by rinsing the carbon samples twice in a neutral buffer solution, and finally storing the sample at 4 ºC for at least 24 h until the next cycle. It is worth mentioning that VCF with immobilized GOx via physical adsorption (without genipin) was It is noticeable from the figures that around 40% of GOx activity was maintained after immobilization on carbon felts with or without plasma treatment using genipin. Genipin seemed to improve the performance in terms of stability in these samples, even in the case of carbon felts without plasma (VCF-G), which showed better stability and reusability up to the 6 th cycle compared to only 4 cycles for VCF without genipin, as confirmed by the colorimetric activity assays of GOx.

Furthermore, the higher concentration of genipin (60 mM) used to crosslink GOx did not significantly improve the percentage enzymatic activity, which was so close to the values obtained using 30 mM. In fact, excessive amount of crosslinking agent may cause loss of flexibility of GOx, and hence reduce its enzymatic activity in some cases. However, both stability and reusability of the immobilized GOx crosslinked with 60 mM of genipin were improved compared to control samples. That might be due to minimizing of the loss of GOx enzymes in the medium, caused by higher concentration of crosslinker, which prevents leaching and improves stability [START_REF] Jiménez | Preparation and Optimisation of Cross-Linked Enzyme Aggregates Using Native Isolate White Rot Fungi Trametes versicolor and Fomes fomentarius for the Decolourisation of Synthetic Dyes[END_REF].

The carbon felts as a textile support or a carrier for immobilization of the crosslinked enzymes, made the reusability of these aggregates possible for several cycles. The GOx enzyme-genipin aggregates contain hydroxyl groups from genipin allowing the formations of hydrogen bonds with carbon-based samples. In addition, bonding may occur between genipin and the secondary amines on the surface of plasma activated carbon-based samples. The presence of these amine groups was confirmed in our earlier study [START_REF] Kahoush | Surface modification of carbon felt by cold remote plasma for glucose oxidase enzyme immobilization[END_REF]. A slightly better enzymatic activity for felts treated with plasma 1% oxygen was observed.

Bio-electro-chemical response of the immobilized enzyme using cycle voltammetry scans

Cyclic voltammetry plots for PCF -G using two concentrations of genipin (30 and 60 mM), in the absence and presence of multiple concentrations of D-glucose are presented in (Fig. 8).

It was observed that, an increase in glucose concentration caused an increase in the bio-catalytic currents of electrodes used in the bio-electro-chemical cell, suggesting a maintained part of the immobilized GOx activity after crosslinking with genipin. This effect was more pronounced in the case of 30 mM genipin. Additionally, a plateau in currents obtained was reached around 3 mA in most samples whatever the concentration of the substrate used. However, when genipin concentration was 60 mM, the saturation with substrate was reached at lower concentrations of D-glucose added. To estimate the apparent Michaelis -Menton constant (Km), Lineweaver -Burk fittings were used [START_REF] Shim | Covalent co-immobilization of glucose oxidase and ferrocenedicarboxylic acid for an enzymatic biofuel cell[END_REF], this constant helps to indicate the enzyme's affinity towards its substrate (Supp.data. Fig 6). For the samples immobilized on PCF, Km values were 2.28 and 2.21 for 30 and 60 mM genipin respectively, compared to Km = 2.7 (R 2 = 0.9975) for the native GOx immobilized via adsorption onto the control samples (VCF).

Applications of the heterogeneous catalyst in sustainable wastewater treatment processes

Discoloration and COD removal of the dyestuff after bio-Fenton (BF) treatment

The modal pollutant used herein to study the effect of the (BF) treatment efficiency was Remazol blue RR (RB) (0.05 g.L -1 ) in all experiments. In order to assess the color removal from the treated wastewater after BF process, UV-Vis spectrophotometer was used to evaluate the color intensity, and accordingly, the concentration of the residual dye in the treated water was determined. A calibration curve was obtained for this purpose from the UV-Vis absorption peaks of different concentrations of (RB) (Supp.data. Fig 3).

The (BF) mixture included FeSO4 (1.5 g.L -1 ) as a Fenton reagent, and D-glucose (0.05 M) as the substrate of GOx as well. A piece of 1 cm 2 of the carbon-based felt with immobilized GOx for each 5 mL of the dye solution was used for (BF) process. Regarding the chosen samples, PCF -G with a concentration of 30 mM of genipin was used for all BF experiments, since the enzymatic activity did not improve significantly when higher concentration of genipin was used. PCF -G samples resulted in high color removal efficiency, up to 93% discoloration of (RB) for the first use within 3 h as observed in the UV-Vis spectra of the solutions before and after treatment (Fig. 9). The blue color was almost entirely removed, and the absorbance peak at 605 nm disappeared post-treatment (3 h). adsorbed GOx/ control and PCF -G-30mM), while the same type of cathode was used for all cases (a bare PCF). The iron used was in free-state within the cathodic solution (1.5 g.L -1 ).

Color removal efficiency reached 31% for PCF -G and it was insignificant for the control sample.

This method showed to be less effective than (BF) in direct color removal of (BR) solution. However, it showed to be promising method for degradation levels (COD) of the pollutants in wastewaters. The efficiency of COD removal via (BEF) reached up to 34% for PCF -G anodes, and was not detectable for the control samples (Table . 1).

Method Sample COD removal (%)

Bio-Fenton (BF) VCF (Control) 9.5 ± 0.4

Bio-Fenton (BF) PCF -G 29.4 ± 0.3

Bio-electro-Fenton (BEF) VCF (Control) None

Bio-electro-Fenton (BEF) PCF -G 33.9 ± 2.9 

Polarization plots and power outcome of enzymatic (BEF) reactor

The power outcome and polarization plot of the enzymatic (BEF) reactor is illustrated (Fig. 11), with external resistance used varying between 1 -10K Ω. When different bio-anodes were used in (BEF)

reactor, the power generation of the cell was affected overall. PCF -G bio-anode showed enhancement in power generation with higher current and power generation (the power density generated reached up to 0.16 ± 0.01 μW.cm -2 at a current density of around 10 ± 2 μA.cm -2 ), compared to control (power density of 0.037 ± 0.004 μW.cm -2 at a current density of 1± 0.2 μA.cm -2 ).

Assessment of the shape of voltage against current density plot (Fig. 11) shows that losses in (BEF) reactor were mainly due to ohmic over potentials, taking into account that the relationship between the current generated and the voltage at intermediate current densities seems to be almost linear from the plot. 

Discussion

The aim of this study was mainly to investigate the possibility of direct robust immobilization of GOx enzymes using a naturally occurring and less toxic genipin crosslinking agent on carbon-based textile material. Additionally, to assess the obtained heterogeneous catalyst in Bio-Fenton (BF) and enzymatic Bio-Electro-Fenton (BEF) processes to treat wastewater from textile industry.

An evidence of the crosslinking phenomenon occurring between genipin and the amino acids within the GOx was observed via UV-Vis spectra. The formation of the blue pigment during the reaction between the enzyme and genipin was detected by the increase in absorbance peak at 600 nm (blue color) with time, up to 24 h.

According to studies, only primary amines can form blue pigments when reacting with genipin in presence of oxygen [START_REF] Touyama | Studies on the blue pigments produced from genipin and methylamine. I. Structures of the brownish-Red pigments, intermediates leading to the blue pigments[END_REF]. It has been suggested that, a spontaneous reaction between amino acids and genipin occurs, leading to formation of an aromatic monomer, followed by intermolecular crosslinking via radical reaction [START_REF] Chen | A novel pH-sensitive hydrogel composed of N,O-carboxymethyl chitosan and alginate cross-linked by genipin for protein drug delivery[END_REF]. It has been already shown that one genipin molecule is "able to crosslink two free groups of lysine amino acids residues on protein macromolecular chains" [START_REF] Elzoghby | Implications of Protein-and Peptide-Based Nanoparticles as Potential Vehicles for Anticancer Drugs[END_REF], and glucose oxidase (GOx) contains indeed 15 lysine residues per each subunit.

When a higher concentration of genipin was used in the reaction with GOx (60 mM), the precipitated aggregates were blue-tinted. This phenomenon was more pronounced at the surface where the aggregates were in direct exposure to water as shown by optical microscope. This is mainly because oxygen is present in dissolved form in the solution, and it is vital in the formation of the blue pigment.

This pigment can only be obtained from the polymerization of genipin crosslinked with -NH2 groups of GOx [START_REF] Butler | Mechanism and kinetics of the crosslinking reaction between biopolymers containing primary amine groups and genipin[END_REF].

FTIR spectra confirmed the formation of aromatic amines after the crosslinking reaction, with peaks appearing at 1642 cm -1 and at 1400 cm -1 (C-N groups). Therefore, a ring opening reaction took place to form these aromatic amines (Fig. 4). Additionally and after 24 h of reaction, the FTIR peak assigned to primary amines of GOx at 1560 cm -1 did not appear, which provides an indication about the consumption of those amine groups during crosslinking reaction. EDS results showed (N) peaks due to GOx crosslinked aggregates with genipin, since genipin molecule alone does not have any nitrogen in its structure. The percentage of (N) showed to increase slightly for the plasma treated samples, since the CRP treatment introduced new functional nitrogenated groups at the fiber surface of the carbon felts as detailed in our previous study [START_REF] Kahoush | Surface modification of carbon felt by cold remote plasma for glucose oxidase enzyme immobilization[END_REF].

The crosslinking mechanism may be explained by; ring opening of genipin molecule as a result of the reaction of primary amines of GOx with C3 in genipin, and/or the formation of amide groups by ester substitution with the amino groups of enzyme [START_REF] Butler | Mechanism and kinetics of the crosslinking reaction between biopolymers containing primary amine groups and genipin[END_REF]. Moreover, the reaction with secondary amines may take place in an intermediate stage; i.e. before formation of the aromatic amines.

The colorimetric assays of GOx activity showed that the use of genipin improved the stability of enzymatic activity of the enzyme bio-functionalized carbon felt. This stability was better for higher concentration of genipin (60 mM). However, higher concentration of genipin did influence significantly the enzymatic activity of the immobilized enzymes, which was slightly lower compared to that obtained with 30 mM genipin. However when reused, these samples showed to be more stable in performance. The lower enzymatic activity can be explained by minor deformation and lack of mobility of GOx due to crosslinking, resulting in limited accessibility to active sites of GOx and therefore saturation with the D-glucose substrate occurs at lower concentrations as shown (Fig. 8). On the other hand, the improved stability of the immobilized aggregates can be explained due to higher concentration of the crosslinker with the same amount of GOx, therefore, more crosslinking for the enzyme and for genipin molecules among themselves. The bonding of genipin with the secondary amines on the surface of the plasma treated carbon samples adds to this effect [START_REF] Klein | Chitosan crosslinked with genipin as support matrix for application in food process : Support characterization and ␤ -d -galactosidase immobilization[END_REF]. CV scans and the apparent Km constants showed that the affinity of GOx towards its substrate was maintained. This suggests that similar concentration of the D-glucose is required to achieve the same response in terms of Imax, which is the current obtained. Since Imax is an indicator of the amount of the immobilized active units of GOx, while Km indicates the affinity of these units towards the substrate (D-glucose), regardless of their count (Supplementary data section 4).

Remazol Blue RR (RB) contains an active group of vinyl sulphone (-SO2CH=CH2). It also contains sulfonated aromatic amines, which are considered "not fully biodegradable" according to literature [START_REF] Jonstrup | Sequential anaerobic-aerobic treatment of azo dyes: Decolourisation and amine degradability[END_REF]. This persistent behavior might be because of the formation of degradation product (sulfanilic acid). This acid may couple with other products, and hinders the total degradation of the organic material.

(BF) process, using the genipin crosslinked GOx enzyme immobilized on plasma treated carbon felts, showed to be efficient in color removal after only 3 h of treatment; almost a total color removal was achieved using the mentioned samples. Since the immobilization on carbon reduced the leaching of the crosslinked enzyme into the (BF) medium during treatment, and consequently resulted in better reusability for a second cycle. The maintained enzymatic activity of GOx enzyme facilitated the oxidation of D-glucose substrate in the solution, which resulted in the in situ production of hydrogen peroxide (H2O2) that is essential for Fenton reaction to take place, and consequently the production of hydroxyl radical that will degrade the pollutants. However, the colorimetric assays of GOx activity showed that the samples could be reused for higher number of cycles (6 cycles), unlike their behavior in the (BF) medium. That can be an indication that bio-Fenton mixture accelerated the denaturation of immobilized GOx due to lower pH values (below the optimum pH value of GOx at 5.5), the degrading effect of hydroxyl radical in the mixture, as well as the traces of copper that are contained in the dye formula as received. Thus, additional steps to protect GOx from denaturation by the (BF) mixture may be beneficial for future studies.

Enzymatic (BEF) process was efficient in COD removal, but remarkably less efficient in color removal than (BF). In the case of (BF), the added D-glucose to the solution increases the organic material in the mixture, leading to increased COD values and an overall reduction in efficiency of COD removal. Hence, the COD measurement does not really reflect the exact degree of degradation of the organic dye pollutant.

The crosslinking process improved the stability and reduced leaching of GOx, which led to improved electron transfer with the electrodes, and higher power densities were obtained compared to control in (BEF) reactor (with immobilized GOx via physical adsorption).

However, the used Bio-electro-Fenton setup in this study suffered from Ohmic over-potentials that caused loss in power as shown from linear relation between the current and voltage at intermediate current densities.

The loss may be mainly caused by the electrical parts connecting the circuit, the material of the electrodes, and the low concentration of the electrolytes in the solutions (which results in ionic resistance).

Generally, the higher the power generated in (BEF) process due to enzymatic activity, the higher the amount of electrons released from the oxidation of D-glucose, which might be accepted at the surface of the cathode.

This in turns promotes the formation of H2O2 from the dissolved oxygen via reduction, and consequently leads to the formation of OH radical, thus the higher the number of produced OH radicals the better is the color removal efficiency. The slightly higher COD removal in (BEF) over (BF) process might be explained by lower pH in the cathodic chamber that favors Fenton reaction, adding to the fact that the used cathodic solutions do not contain D-glucose unlike (BF) solution. However, the prototype setup used for enzymatic (BEF) in this study can be improved, to better control the Ohmic losses that reduced the efficiency of the reactor overall. This attempt of using enzymatic electrodes as a part of (BEF) reactor showed the potential of such a process in wastewater treatment. Indeed, the often-used microbes in (BEF) reactors require time for bio-reactions, produce more sludge, and are hard to control the process since the microbes are within the solution. Immobilized enzymes may reduce these obstacles after reactor optimization.

It is worth mentioning that despite the high potential of Fenton reaction as an advanced oxidation process (AOP) for treatment of wastewater, its efficiency as a method still depends on the molecular weight of the pollutant used and its chemical structure [START_REF] Punzi | Treatment of synthetic textile wastewater by homogeneous and heterogeneous photo-Fenton oxidation[END_REF].

Conclusion

The results of this study show that glucose oxidase enzyme can be crosslinked with genipin directly, improving the enzyme stability after immobilization on carbon-based felts, while maintaining 40% of their relative enzymatic activity for six reuse cycles. Thus, the heterogeneous catalyst obtained by GOx immobilization on the conductive felt shows to be promising in applications related to sustainable wastewater treatment as enzyme-carriers and/or bio-anodes. The discoloration of (RB) dye was up to 93%, for the first use in (BF) process during 3 h using the obtained catalyst. Additionally, we have reported the feasibility of enzymatic (BEF) reactors, which are assembled using microbial consortiums usually. The Simultaneous energy production in enzymatic (BEF) reactor reached up to 0.16 μW.cm -2 , while depolluting the effluents with 34% COD removal of (RB) dyestuff, which is an important step towards zero-energy degradation of organic matter.
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COD removal efficiency after the first (BF) and enzymatic (BEF) cycles
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The histograms in (Fig. 10) show that, in the same conditions the control samples with GOx immobilized directly on VCF resulted in almost 60% of discoloration. To test the reusability of the same samples, they were reused for a second cycle in the same (BF) process: these samples were extracted from the (BF) mixture, washed twice with a buffer solution (pH 7), and then stored at 4 ºC until the second use. Discoloration efficiency values of (RB) decreased to 82% and 34% for the PCF -G and VCF, respectively. COD measurement is a necessary test to estimate the degradation level of the organic material present in the wastewater after treatment. Indeed discoloration may occur to a high extent without the pollutant being degraded. Therefore, the level of wastewater pollution would still be invisibly high.

Concerning the COD removal efficiency, it was up to 30% of the initial values when PCF -G was used for the first time, compared to almost 10% for VCF control sample as shown in (Table. 1). For the reuse cycles in (BF) process, the COD removal was insignificant for all samples.

Discoloration and COD removal of the dyestuff after enzymatic bio-electro-Fenton (BEF) treatment

A solution of (RB) (0.05 g.L -1 ) was used as a modal pollutant for this application as well. This solution was placed in the cathodic chamber as previously described, and the color removal was evaluated using UV-Vis spectrophotometer. Two types of bio-anodes were used in the anodic chamber (VCF with