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General Introduction

Transition-metal-based catalyst and enzymatic catalyst are two efficient catalysts used for aerobic oxidation. The former one is usually efficient for a wide range of substrates, however, harsh experimental condition, including high temperature, high pressure and organic solvent are required. Enzymatic catalysts, which are often (enantio)selective, work well under mild condition potentially with oxygen as oxidant, while they cannot access to some substrates with a high redox potential. Nowadays, the development of new processes for sustainable chemistry is at the heart of great challenges of tomorrow. Therefore, it is full of sense to construct a selfsufficient system allowing for oxidative transformations of small organic molecules through multielectron transfer process.

Artificial metalloenzymes are promising tools to address the drawbacks associated with either metal-based catalyst or enzymatic catalyst alone. There are different types. Some are generated by embedding metal catalysts into protein scaffolds through dative, metal substitution, supramolecular or covalent interactions. In this approach, an activity is brought to a pro-chiral cavity of a protein. Other nano-biohybrid systems are based on the integration of metal nanoparticles and enzyme in order to achieve organic transformations with increased activity and selectivity.

There, multiple metallic or dual (metallic and enzymatic) activities are targeted. One can also distinguish chemo-enzymatic systems in which an enzyme activity (e.g. O2-reducing power)

drives the catalytic power of a transition-metal-based complex (i.e. the complex is the substrate of the enzyme). All these systems fit well with the demand of green and sustainable chemistry since they work under mild experimental conditions.

However, these hybrid catalytic systems are sometimes limited due to their short lifetime and stability. To address this issue, a main avenue appears to be the heterogenization of the systems through the immobilization of metallic or/and enzymatic catalyst on various porous materials with different attachment methods. Advantages of heterogeneous catalyst includes an easier separation of the catalysts from the reaction media and reusability. Regarding immobilization, orientation of the catalysts is an important factor that affect the final catalytic performance.

The support is likely not only a matrix allowing stabilization and recyclability but becomes a synergic partner in the catalytic process. It appears of great importance to understand fundamental synthesis and processing concepts in order to tailor materials fully controlling all involved mechanistic aspects.

Considering all the aforementioned aspects, our aim in thesis work was to combine these methodologies to develop hybrid systems composed of a molecular transition-metal-based catalyst that can selectively oxidize substrates and an active robust multicopper oxidase (laccase) performing a safe four-electron/four-proton reduction of O2 in the confined environment of tailor-adapted silica foams. We thus created a unique environment, where both catalytic species can work in close vicinity and high cooperativity. Through this strategy, we mainly aimed at achieving two goals: 1) replacing the harsh conditions of a direct O2dependent regeneration of a metal-based catalyst by a milder and safer in situ laccase-mediated O2-dependent regeneration. 2) optimizing the spatial distribution of the two catalytic species (laccase and palladium complex) relative to each other while improving their stability and recyclability through their immobilization on silica foams. To do so, several tailored transition metal-based catalysts and laccase variants were covalently grafted within a silica-based material. Different immobilization conditions and the resulting properties of original enzyme/ Pd catalyst/silica foams catalysts are deeply discussed in this manuscript.

To be specific, this manuscript is divided to three chapters:

In Chapter 1, we carry out a bibliographic study on all major aspects involved in this interdisciplinary project, which mainly include an introduction on transition-metal-based catalyst, enzymatic catalyst and artificial metalloenzyme used for aerobic oxidation, heterogeneous catalysts based on enzyme or/and metal as well as laccase and palladium complex we used.

In Chapter 2, we report on the covalent immobilization of fungal laccases into macro-cellular Si(HIPE) monoliths for continuous flow catalysis. Evaluation of the enzyme immobilization is discussed in term of loading, type of interaction with the support and activity (as well as stability and reusability) in HBT mediated decolorization of model dyes (RB5, RBBR). We conclude from this study that the activity of our laccase-based heterogeneous catalyst is initially comparable to its homogeneous counterpart while its operational activity remains as high as 60% after 12 consecutive decolorization cycles and one-year storage. More, the orientation of enzyme mediated by the location of a single surface imprinted lysine covalently bound to the support is highlighted in this chapter. Comparing activities on different substrates for the oriented catalysts, we show a twofold discrimination for ABTS relative to ascorbate.

Chapter 3 is divided into two parts. In the first part, the synthesis and characterization of different supported hybrids of laccase and palladium complex is discussed. The synthesis of three palladium complexes bearing two graftable aldehyde arms amenable to modification differing by their length, the grafting of complex 2 at the surface of two laccase variants, UNIK71 and UNIK157 are described, followed by a description of the different immobilization strategies (mainly three based on the order of Pd and enzyme immobilizations) within the silica support. The second part is dedicated to the study and analysis of the catalytic performances toward selective veratryl alcohol aerobic oxidation of the different immobilized Pd/laccase/silica hybrids obtained and characterized in the first part. This particularly includes a comparison of the activity of all the immobilized hybrids with their homogeneous counterparts in terms of loading, efficiency, stability, and reusability. We show that the activity of immobilized hybrid catalysts is comparable to their homogeneous counterparts under optimized immobilization condition and that all the prepared immobilized hybrid catalysts, no matter the catalyst loading, the orientation or the immobilization strategy exhibit an improved activity compared to the immobilized palladium alone, attesting for a synergy between the Pd and the laccase. The effect of enzyme orientation towards palladium complex and silica foams on the final activity of hybrid catalysts is a main aspect of the discussion. The difference observed between two opposite hybrid organizations (UNIK71/Pd and UNIK157/Pd, grafted or not) can be up to 4 folds after immobilization on silica, whereas it is barely observable in homogeneous condition. More, about 40% activity of these heterogeneous hybrid catalysts is preserved after 8 months storage. We show that such strategy is powerful to tune catalyst activity and that the organization of catalysts in a confined environment is a precious factor to take into account to develop supported hybrid catalysts.

Chapter 1:

Bibliographic study

Aerobic oxidation

Aerobic oxidation is an indispensable tool in modern organic synthesis because it can be used to convert raw materials into fine chemicals for industrial application [1]. Among them, the oxidase-style oxidation is popular for catalysis because numerous oxidation reactions do not involve the incorporation of oxygen into the substrate, such as the oxidative amination of alkenes and the dehydrogenation of alcohols or alkanes [2]. To date, various methods with significant efficiency have been developed for a wide range of oxidative transformations and these methods are now mature. However, since most of these standard protocols rely on the use of hazardous oxidants or generate large amounts of waste, it is necessary to improve catalytic methods for aerobic oxidation in terms of environmental and economic issues. Thus, to get closer to the sustainable process, much more attention should be paid on minimizing waste and using renewable materials during the process of aerobic oxidation catalysed by metal-based catalysts or biocatalysts [3].

Transition-metal-based catalysts

Nowadays, transition-metal-based catalysts are popular catalysts used for aerobic oxidation with high efficiency [4]. The case of Pd is emblematic. In some cases, they work efficiently in the presence of co-oxidants. For example, the Shilov reaction achieved selective oxidation of methane to methanol (and methyl chloride) in aqueous solution at 120 °C, with Pt II Cl4 2-as catalyst and Pt IV Cl6 2-as stoichiometric oxidant [5]. However, the use of Pt IV Cl6 2-somehow limited the practical application of this reaction since it is expensive [6]. Also, many reported Pd(II) efficient catalyzed C-H oxidation reactions employed stoichiometric quantities of copper(II), silver(I) or benzoquinone as co-oxidants. In many cases, the requirement of palladium catalyst for C-H activation reactions is 5-10 mol% [7]. Chang, et al. described a useful olefination of pyridine N-oxides with ethyl acrylate. Finally, the reaction proceeded efficiently when 10 mol % of Pd(OAc)2 was used in combination with Ag2CO3 (1.5 eq.) and pyridine (1.0 eq.) in the solvent of 1,4-dioxane at 100 °C [8]. For commonly used alcohol oxidation methods it is necessary to add stoichiometric quantities of inorganic oxidants, notably chromium(VI) reagents [9], ruthenium, copper or manganese salts [10]. Also, these need chlorinated solvent and controlled low temperature such as -60 ℃ as for Swern oxidation.

Although the above-mentioned systems ensure high conversion yield, the presence of highly toxic and environmentally polluting co-oxidants, the generation of heavy metal wastes as well as the use of harsh experiment conditions are factors that are not compatible with the increasing demand of the society for a more sustainable chemistry with respect of atom economy and cost of the oxidizing agent, etc. [11].

To address these issues, an emerging alternative process is the implementation of transitionmetal-based catalysts in combination with molecular oxygen (or air) as the oxidant, which is inexpensive, readily available and produces benign by-products (water) [12]. Also, efforts have been made to design various transition metal complexes by tuning the ancillary ligand/ metal combination [13]. Ligands, such as pyridine, N-heterocyclic carbene chelated N-O-, N-N-, tridentate, pincer and tetradentate ligands are commonly used for the preparation of copper, palladium and ruthenium complexes which are active in the aerobic oxidation.

Stahl, et al. described a (bpy)Cu I /TEMPO catalyst system for aerobic oxidation of primary alcohol to aldehyde. This system showed high catalytic activity, enabling efficient oxidation of both aliphatic and benzylic alcohols with ambient air and allowing these reactions to be performed at room temperature. These reactions were carried out in acetonitrile [14,15]. Also, nitrogen-based ligands are common in Pd-catalyzed aerobic oxidation reactions. The use of palladium NCN and CNC pincer complexes have been found to be effective in the aerobic oxidation of secondary benzylic alcohols at atmospheric pressure at 120 ℃ in PEG-400, a sustainable reaction solvent. These palladium complexes exhibited excellent yields and functional group tolerability [16]. Besides, the use of 

Enzymatic catalysts

Besides the transition-metal-based catalysts, biocatalytic methods for the oxidation of functional group are also attractive due to their high selectivity, mild reaction conditions (aqueous environment) and the possibility to use molecular oxygen as a benign renewable oxidant [19]. The use of enzymes for large-scale production of chemicals, including pharmaceuticals, flavor and fragrance, vitamin and fine chemicals is now well established [20,21]. Among the enzymes, metalloenzymes are one of the most impressive natural catalysts, because they are involved in many important physiological processes [22].

From the chemist perspective, biocatalytic oxidation chemistry is with no doubt a powerful tool for performing reactions ranging from simple alcohol oxidations [23] to stereoselective halogenations of non-activated C-H bonds [24,25]. For example, Turner et al. has developed variants of galactose oxidase (GOase), GOase M3-5, that showed good activity (kcat >200 min - 1 ) towards a range of secondary alcohols with high enantioselectivity (ee=99%) producing H2O2 as the only by-product [26]. Moreover, using GOase M3-5 plus a suitable aldehyde oxidase (PaoABC), this group investigated cascade reactions to oxidize hydroxymethylfurfural to highly pure furandicarboxylic acid (FDCA) as well as oxidize primary alcohols to carboxylic acids in one pot [27]. More recently, Knaus et al. conducted the chemo -selective aerobic oxidation of aldehydes to carboxylic acids (the only product for a scope of substrates) with three recombinant aldehyde dehydrogenases (ALDHs). This biocatalytic method is particularly attractive for the oxidation of aldehyde moieties within molecules possessing further oxidizable groups [28]. Also, it's worth mentioning that the laccase mediator system (LMS), laccase/TEMPO is also efficient for oxidizing alcohol to carbonyl compounds with oxygen at room temperature [29]. Globally, enzymatic catalysts possess excellent (enantio)selectivity and are sustainable based on the fact that the reactions are performed in mild conditions without the use of toxic or unsafe oxidants, strong acids or bases, or undesired solvents.

However, there are some limitations for the use of enzymes in terms of process applications; high production costs, operational stabilities, narrow substrate scope and accessibility of only one enantiomer limit their massive and multi-purpose applications [30]. Fortunately, several recent scientific breakthroughs should help to overcome some of these limitations and expand the applications of biocatalysts. The implementations of directed evolution techniques have expanded the scope of enzyme reactivities to a great extent [31]. Also, the developments in bioinformatics and high-throughput screening promote the discovery and optimization of enzymes suitable for more reactions and provide access to both enantiomers [32]. Biocatalytic redox chemistry remains an exciting and challenging research area for the future.

Chemo-enzymatic catalysts (Artificial metalloenzymes)

In the past 10 years, artificial metalloenzymes based on the modification of a protein structure to create artificial activity arose great interest. These catalysts have been developed to maintain the advantages and overcome the limitations encountered separately with metal-based catalysts and biocatalysts [33,34]. As mentioned in the former two sections, transition-metal catalysis and bio-catalysis are two different disciplines in terms of synthesis. Some metalcatalyzed transformations cannot be accessed by enzymatic catalysis. However, bio-catalysis has strong selectivity on both substrates and products, enabling much cleaner reactions.

Various methodologies have been set for the construction of artificial metalloenzymes.

Hereafter, we give a definition of existing artificial metalloenzymes in a broad sense and expand the description to nano-biohybrids and bimolecular systems.

Artificial metalloenzymes

Appearing as promising sustainable alternatives to metal or bio-catalysts, artificial metalloenzymes initially refer to the combination of a transition metal catalyst moiety to a protein environment [35][36][37][38][39][40]. They constitute active and enantioselective hybrid catalysts through the combination of a non-chiral catalytic moiety ensuring activity with a chiral template (the protein) by either dative, metal substitution, supra-molecular interactions or covalent attachment (Fig. 1-1). that EcNikA-Ru is efficient for the transformation of alkenes to the corresponding β-chloroα-hydroxy adducts [41,42]. Fernandez-Gacio et al. replaced the zinc ion of nature carbonic anhydrase with the manganese for challenging asymmetric transformations. This new artificial metalloenzyme showed enantioselectivity in epoxidation of styrene [43]. And, Ward et al.

developed artificial metalloenzymes based on biotin-avidin technology, using (strept)avidin as the host protein for Rh biotinylated complex. They found that the obtained artificial enzyme finished the enantio-selective hydrogenation of the acetamidoacrylic acid in quantitative yield and 92% ee [44]. It was effective for the reduction of acetamido-cinnamic acid to (R)acetamido-phenylalanine with 84% conversion and 93% ee [45].

Roelfes, et al. selected Lactococcal multidrug resistance Regulator (LmrR) as a protein scaffold to host artificial metal cofactors. Its dimeric form generates a flat hydrophobic pore.

The original design involved covalent anchoring of Cu(II)-phenanthroline and Cu(II)-2,2'bipyridine complexes to the dimeric interface of protein via a genetically introduced cysteine residue. These artificial metalloenzymes were successfully used in catalytic enantioselective Diels-Alder (up to 97 % ee) [46]. Besides, they designed a novel supramolecular artificial metalloenzyme in which a Cu(II) complex is bound at the hydrophobic dimer interface of LmrR without requiring specific ligand-protein interactions. It was applied for Friedel-Crafts alkylation of indoles, attesting the excellent enantioselectivity of this artificial metalloenzyme [47].

Binding a metal catalyst into the active site of an enzyme leads to a loss of the natural enzyme activity. The enantioselective transformation is accomplished by the chiral shape of the now non-active enzyme [48].

Nano-biohybrids

Another method for creating effective artificial metalloenzymes is based on the integration of metal nanoparticles and enzymes to form nano-biohybrids, obtaining metal or dual (enzymatic and metallic) activity [49]. For example, Kanbak-Aksu, et al. reported an attractive method for confining Pd-nanoclusters within the core of a ferritin from Pyrococcus furiosus (PfFerritin) [50]. The Pd-ferritin catalyst showed a promising thermal stability, robustness and reusability towards the oxidation of primary and secondary alcohols in water (Fig. 12). In this system, the quaternary structure of ferritin worked as support for multiple metal sites; however, in this configuration ferritin loss its natural activity of iron storage and delivery [START_REF] Chiou | Emerging and Dynamic Biomedical Uses of Ferritin[END_REF]. For some developed nano-biohybrid systems, besides the multiple metallic active sites activity, the native enzymatic activity is also maintained. Palomo, et al. created an artificial enzyme with multiple active sites from the homogeneous dispersion of small metal nanoparticles in a protein matrix (Fig. 123). In this system, the enzyme acts as a reducing agent, as a stabilizer of the metal nanoparticles and as a bio-catalysis [START_REF] Palomo | Nanobiohybrids: A New Concept for Metal Nanoparticles Synthesis[END_REF][START_REF] Palomo | Artificial Enzymes with Multiple Active Sites[END_REF]. To date, this kind of nano-biohybrid has been used for various chemical transformations. 

Bimolecular system

Last, the bimolecular system, combining metal complex and enzyme is an effective way to utilize the specific properties of the enzyme moiety. Generally, in this biomolecular system, the metal complex unit works as a redox mediator for substrate oxidation and enzyme is considered as a redox engine for the regeneration of metal and reduction of oxygen. Recently, the group of Tron have focused on the construction of hybrid catalytic systems through the combination of photosensitizers with metalloenzymes. This strategy has been successfully illustrated with photo-sensitives Ru poly-pyridyl complex/laccase [START_REF] Simaan | Photoinduced Multielectron Transfer to a Multicopper Oxidase Resulting in Dioxygen Reduction into Water[END_REF][START_REF] Schneider | Visible-Light-Driven Oxidation of Organic Substrates with Dioxygen Mediated by a [Ru(Bpy)3 ] 2+ /Laccase System[END_REF] and Zn porphyrin complex/laccase systems [START_REF] Lazarides | Visible Light-Driven O2 Reduction by a Porphyrin-Laccase System[END_REF], where laccase plays the role of a redox engine to trigger electron from an electron donor to the final acceptor O2. The tested reactions were performed in mild experimental conditions (aqueous solvent, atmospheric pressure, room temperature).

With the same strategy of using laccase as a redox engine, Mekmouche et al. successfully achieved the bimolecular combination of water soluble Pd(II) based complexes and laccase for performing benign aerobic alcohol oxidation with no need for a harmful oxidant [START_REF] Mekmouche | Laccases as Palladium Oxidases[END_REF] (Fig. 1234). The presence of laccase allowed for an increase in the conversion yield to a 7-fold extent.

This provided the foundation for developing renewable palladium catalyst and will be further discussed in this manuscript. In the process of integrating the functions of two catalysts (i.e. a metal-based catalyst and an enzyme), there are challenges to overcome, such as the compatibility, stability, undesired cross-reactivity and the selection of appropriate experimental conditions [START_REF] Ríos-Lombardía | One-Pot Combination of Metal-and Bio-Catalysis in Water for the Synthesis of Chiral Molecules[END_REF]. However, these peculiar artificial metalloenzymes enable the catalytic activity of transition-metal catalysts in biological environments, allowing synthetic catalysts to work collaboratively with enzymes.

So far, alcohol oxidation, dynamic kinetic resolution of primary amine and alcohol [START_REF] De Miranda | Lipases: Valuable Catalysts for Dynamic Kinetic Resolutions[END_REF][START_REF] Verho | Chemoenzymatic Dynamic Kinetic Resolution: A Powerful Tool for the Preparation of Enantiomerically Pure Alcohols and Amines[END_REF],

Diels-Alder cycloaddition reaction [START_REF] Filice | Synthesis of a Heterogeneous Artificial Metallolipase with Chimeric Catalytic Activity[END_REF] and two-step cascade reactions [START_REF] Palomo | Nanobiohybrids: A New Concept for Metal Nanoparticles Synthesis[END_REF][START_REF] San | Platinum Nanoparticles Encapsulated by Aminopeptidase: A Multifunctional Bioinorganic Nanohybrid Catalyst[END_REF] involving nano-biohybrids have been reported.

Heterogeneous catalyst 1.2.1 Construction of heterogeneous catalyst

To expand the scope of bio-catalysis in various fields (biosensors, medical fields, biocatalyst carriers, biofuel cells, etc.), immobilization of enzymes on solid supports has gain a growing interest as jugged by the number of reviews published in this field [START_REF] Bezerra | Enzyme Immobilization onto Renewable Polymeric Matrixes: Past, Present, and Future Trends[END_REF][START_REF] Zhou | Progress in Enzyme Immobilization in Ordered Mesoporous Materials and Related Applications[END_REF][START_REF] Datta | Enzyme Immobilization: An Overview on Techniques and Support Materials[END_REF][START_REF] Hartmann | Biocatalysis with Enzymes Immobilized on Mesoporous Hosts: The Status Quo and Future Trends[END_REF]. Meanwhile, recycling of metal-based catalysts is also a task of great economic and environmental importance in the chemical and pharmaceutical industry, especially when expensive or toxic heavy metal complexes are employed [START_REF] Zamboulis | Hybrid Materials: Versatile Matrices for Supporting Homogeneous Catalysts[END_REF][START_REF] Ali | Heterogeneous Metal Catalysts for Oxidation Reactions[END_REF][START_REF] Dewaele | Opportunities of Immobilized Homogeneous Metathesis Complexes as Prominent Heterogeneous Catalysts[END_REF]. Generally, many advantages arise from catalyst immobilization such as improved stability, reusability, localization and easy separation from the reaction medium. Additionally, the architecture, the chemical nature and mechanical properties of the solid support can be tuned to improve catalyst efficiency. However, some problems exist during immobilization, such as the diffusional limitation and loss of catalyst activity. It is important to select suitable methods and support materials for different catalysts immobilization and pay attention to the immobilization conditions (catalyst concentration, pH, temperature, solvent, etc.).

Immobilization methods

The development of robust immobilization methods that prevents the leaching of active components is one of the challenges in constructing heterogeneous catalyst. There are several techniques used for catalyst immobilization, which range from reversible physical adsorption to the irreversible stable covalent bonds (Fig. 12345) [START_REF] Ye | Foundations and Strategies of the Construction of Hybrid Catalysts for Optimized Performances[END_REF]. Crosslinked enzyme crystals and aggregations are specific ways for making enzyme-based heterogeneous catalyst [START_REF] Roy | Strategies in Making Cross-Linked Enzyme Crystals[END_REF][START_REF] Cao | Cross-Linked Enzyme Aggregates: A Simple and Effective Method for the Immobilization of Penicillin Acylase[END_REF][START_REF] López-Serrano | Cross-Linked Enzyme Aggregates with Enhanced Activity: Application to Lipases[END_REF]. The different immobilization techniques developed possess advantages and disadvantages (listed in Table 1-1). Interactions between the catalyst and the support surface as well as interactions of catalyst molecules with each others can be used to explain the alteration of catalyst properties after immobilization. Among the different immobilization methods, covalent bonding is the best way to avoid catalyst leaching from the supports. For enzymes, a covalent binding involves active amino acid residues located on the enzyme surface and functionalities that are attached to the carrier surface. Enzymes' -NH2, -COOH and -SH are the functional groups the most frequently involved in covalent immobilization. Materials are commonly functionalized with aldehyde, epoxy, thio, maleimide group, etc. (Table 1-2) [82,[START_REF] Novick | Immobilization of Enzymes by Covalent Attachment[END_REF].

Table 1-2 Functional groups commonly used for covalent bonding enzyme [START_REF] Hoarau | Immobilized Enzymes: Understanding Enzyme -Surface Interactions at the Molecular Level[END_REF].

Among functionalized surfaces, those activated with glutaraldehyde are the oldest matrices.

They are expected to react mainly with nonionized primary amino groups. Interactions between supports and enzyme molecules has a relationship with the loading of glutaraldehyde.

Using highly activated supports may lead to three types of interactions: hydrophobic, ionic exchange and covalent attachment. When enzyme orientation is the main concern for the study, weakly activated supports should be preferred to reduce hydrophobic and ionic exchange interactions [START_REF] Migneault | Glutaraldehyde: Behavior in Aqueous Solution, Reaction with Proteins, and Application to Enzyme Crosslinking[END_REF]. Besides, epoxy supports are another example of old and popular protein immobilization matrices. Epoxy group may react with different protein moieties, including thiols, primary amino acid and carboxyl terminal group. This represents many potential grafting positions at the surface of enzymes. However, the rate of covalent attachment of proteins on epoxy-supports is low and coexists with hydrophobic adsorption due to the surface properties [START_REF] Mateo | Increase in Conformational Stability of Enzymes Immobilized on Epoxy-Activated Supports by Favoring Additional Multipoint Covalent Attachment*[END_REF]. The NHS-ester (N-hydroxy succinimide ester) has proven to be a useful functional group for the immobilization of protein. It reacts with the primary amine of lysine residues on an enzyme surface [START_REF] Khoury | Development of Miniaturized Immunoassay: Influence of Surface Chemistry and Comparison with Enzyme-Linked Immunosorbent Assay and Western Blot[END_REF]. Maleimide or thiol activated supports are also used for protein immobilization and they are based on the reaction with cysteine residues, which are infrequently found on the exterior of proteins. When a unique cysteine residue is introduced in a well-defined position at the surface of enzyme, it is possible to control the enzyme orientation via the immobilization on maleimide or thiol supports [START_REF] Liu | Molecular Orientation of Enzymes Attached to Surfaces through Defined Chemical Linkages at the Solid-Liquid Interface[END_REF][START_REF] Campàs | A Review of the Use of Genetically Engineered Enzymes in Electrochemical Biosensors[END_REF].

Besides, site-directed mutagenesis (the introduction of natural or unnatural amino acid) provide more possibilities for orientated enzyme immobilization through covalent bonding [START_REF] Hernandez | Control of Protein Immobilization: Coupling Immobilization and Site-Directed Mutagenesis to Improve Biocatalyst or Biosensor Performance[END_REF]. For example, Roelfes, et al. created enzymes with improved and novel catalytic activities through the introduction of unnatural chemical functionalities into enzymes [START_REF] Drienovská | Expanding the Enzyme Universe with Genetically Encoded Unnatural Amino Acids[END_REF]. For immobilization, genetically encoded incorporation of different clickable unnatural amino acids in enzyme allows a covalent binding via click chemistry [START_REF] Palomo | Click Reactions in Protein Chemistry: From the Preparation of Semisynthetic Enzymes to New Click Enzymes[END_REF]. Also, introducing an unique cysteine at an enzyme's surface allows a site-directed covalent attachment on thiolreactive surfaces for biosensors [START_REF] Campàs | A Review of the Use of Genetically Engineered Enzymes in Electrochemical Biosensors[END_REF]. Mono-functionalizable variants of laccase (with only one accessible surface lysine at different positions) have been constructed by site-directed mutagenesis for site-directed immobilization [START_REF] Robert | Probing the Surface of a Laccase for Clues Towards the Design of Chemo-Enzymatic Catalysts[END_REF]. On the other hand, introducing more amino on the protein surface areas will lead to multipoint covalent attachment [START_REF] Rodrigues | Amination of Enzymes to Improve Biocatalyst Performance: Coupling Genetic Modification and Physicochemical Tools[END_REF].

For metal complexes, immobilization methods are similar to those of enzyme (Fig. 123).

Besides simple adsorption and entrapment in materials, a graftable group in the ligand-based metal complex can achieve a stable covalent tethering with functionalized support materials [START_REF] Ye | Foundations and Strategies of the Construction of Hybrid Catalysts for Optimized Performances[END_REF]. In the case of immobilization of metal nanoparticles, the impregnation-reduction method (impregnation of the synthesized supports with metal salts solution followed by a reduction) is generally employed [START_REF] Johnston | Highly Dispersed Palladium Nanoparticles on Mesocellular Foam: An Efficient and Recyclable Heterogeneous Catalyst for Alcohol Oxidation[END_REF]. Backov, et al. adapted this method for the preparation of Pd@organo-Si(HIPE) catalysts. These Pd-based heterogeneous catalysts that are effective for the Heck coupling reaction were shown to be reusable for several cycles [START_REF] Ungureanu | First Pd@Organo-Si(HIPE) Open-Cell Hybrid Monoliths Generation Offering Cycling Heck Catalysis Reactions[END_REF]. This method needs one step for metal immobilization after the synthesis of supports. Thus, it is possible to conduct the surface functionalization of supports with different organic moieties for the stabilization of metal particles. Another method is one-pot/in situ immobilization [START_REF] Wu | Gold Nanoparticles Supported on Functionalized Mesoporous Silica for Selective Oxidation of Cyclohexane[END_REF][START_REF] Jana | Immobilization of Palladium in Mesoporous Silica Matrix: Preparation, Characterization, and Its Catalytic Efficacy in Carbon-Carbon Coupling Reactions[END_REF]. Wu, et al. prepared gold (Au) nanoparticles of dispersed sizes on ordered mesoporous silica and used them for selective oxidation of cyclohexane. This approach is considered as a simple route.

Variety of support materials

The selection of appropriate support materials is an important factor in the development of highly efficient heterogeneous catalyst for various applications. In this context, factors such as active groups on the carrier, the microenvironment, and even the carrier's shape can affect the mechanical, chemical, biochemical and kinetic properties of the immobilized catalyst.

Ideally, support material used for immobilization should have the following properties: high affinity, availability of reactive functional groups, mechanical stability, regeneration feasibility, non-toxicity and biodegradability [START_REF] Sirisha | Chapter Nine -Enzyme Immobilization: An Overview on Methods, Support Material, and Applications of Immobilized Enzymes[END_REF][START_REF] Zdarta | A General Overview of Support Materials for Enzyme Immobilization: Characteristics, Properties, Practical Utility[END_REF]. A large variety of inorganic and organic as well as hybrid and composite materials may be used as stable and efficient supports. 

Enzyme-based heterogeneous catalyst

Enzyme immobilization is used for quite a while now [START_REF] Mohamad | An Overview of Technologies for Immobilization of Enzymes and Surface Analysis Techniques for Immobilized Enzymes[END_REF]; this is true in particular for laccase immobilization [START_REF] Datta | Immobilization of Laccases and Applications for the Detection and Remediation of Pollutants: A Review[END_REF]. Nowadays, besides the selection of suitable immobilization methods and materials, enzyme's structural features have to be taken into account to optimize performances trough the control of enzyme orientation and enzyme loading.

Enzyme orientation

In the absence of a specific design, immobilization of enzymes often leads to random orientations of the enzyme molecules which can dramatically alter their integrity and efficiency. The importance of tuning enzyme orientations, how to address such orientation, and how it can be verified experimentally (or modelled) have captured people's attention [START_REF] Hoarau | Immobilized Enzymes: Understanding Enzyme -Surface Interactions at the Molecular Level[END_REF][START_REF] Hernandez | Control of Protein Immobilization: Coupling Immobilization and Site-Directed Mutagenesis to Improve Biocatalyst or Biosensor Performance[END_REF][START_REF] Wu | Enhanced Enzyme Stability through Site-Directed Covalent Immobilization[END_REF][START_REF] Hitaishi | Controlling Redox Enzyme Orientation at Planar Electrodes[END_REF][START_REF] Mateo | Improvement of Enzyme Activity, Stability and Selectivity Via Immobilization Techniques[END_REF]. Orientation depends greatly on the nature of biocatalyst, the properties of the solid support and the method used for immobilization [START_REF] Mohamad | An Overview of Technologies for Immobilization of Enzymes and Surface Analysis Techniques for Immobilized Enzymes[END_REF][START_REF] Santos | Importance of the Support Properties for Immobilization or Purification of Enzymes[END_REF].

In this context, the control and the functional immobilization of redox enzymes on conductive solid supports are found of great interest for many bio-electrochemical applications [START_REF] Liu | Molecular Orientation of Enzymes Attached to Surfaces through Defined Chemical Linkages at the Solid-Liquid Interface[END_REF][START_REF] Arrocha | Enzyme Orientation for Direct Electron Transfer in an Enzymatic Fuel Cell with Alcohol Oxidase and Laccase Electrodes[END_REF].

Indeed, a controlled orientation through the establishment of specific covalent bonds could allow an efficient direct electron transfer between enzymes and conductive surfaces. Liu et al.

achieved the specific immobilization of 6-phospho-β-galactosidase on a self-assembled monolayer containing maleimide end groups through a unique cysteinyl residue [START_REF] Liu | Molecular Orientation of Enzymes Attached to Surfaces through Defined Chemical Linkages at the Solid-Liquid Interface[END_REF]. Importantly, the scope of tilt and twist angles for the best immobilization was determined by spectroscopic techniques. There was no decrease of enzyme activity after immobilization on the matrix, which was attributed to a correct enzyme structure and active site accessibility using this oriented immobilization process.

Very recently, a controlled orientation of the laccase to promote a direct electron transfer was achieved through site specific grafting to surface functionalized carbon nanotubes (CNT).

Lalaoui et al. modified laccase with a pyrene via the reductive amination of a unique surface accessible lysine residue engineered near the T1 copper center. Immobilization of the sitespecific functionalized enzyme was achieved via π-stacking of pyrene on pristine CNT

electrodes. An efficient DET was obtained while contrasting with unmodified and nonspecifically modified laccase-electrodes [START_REF] Lalaoui | Direct Electron Transfer between a Site-Specific Pyrene-Modified Laccase and Carbon Nanotube/Gold Nanoparticle Supramolecular Assemblies for Bioelectrocatalytic Dioxygen Reduction[END_REF]. On the other hand, carbon nanotubes can be first functionalized with azido group and reacted with alkyne-modified laccases via copper click. Using the native LAC3 and its variants, UNIK71 and UNIK161, different enzyme orientations were obtained after attachment on the electrode surface. Influence of the location of the anchoring point at the enzyme's surface on the bio-electrocatalysis of oxygen reduction was studied [START_REF] Gentil | Efficiency of Site-Specific Clicked Laccase-Carbon Nanotubes Biocathodes Towards O2 Reduction[END_REF].

According to Olejnik et al., laccase was immobilized on the surface of Amine-ended and Carboxyl-ended groups modified gold materials and two controlled enzyme orientations were obtained for analysis [START_REF] Olejnik | Orientation of Laccase on Charged Surfaces. Mediatorless Oxygen Reduction on Amino-and Carboxyl-Ended Ethylphenyl Groups[END_REF]. It was demonstrated that, laccase immobilized on gold electrode with an amino ethyphenyl group exhibited higher electrochemical activity than the other one (carboxyl groups). This was mainly attributed to a closer distance between the T1 redox center and the electrode surface, thus providing a direct way for T1 copper to accept electrons from the gold electrode (Fig. 123456).

Fig. 1-6

Proposed scheme for electroreduction of dioxygen at modified by ethylphenyl layer gold electrode with immobilized laccase [START_REF] Olejnik | Orientation of Laccase on Charged Surfaces. Mediatorless Oxygen Reduction on Amino-and Carboxyl-Ended Ethylphenyl Groups[END_REF].

All the above examples illustrate the effect of enzyme oriented immobilization on a conductive surface on the final performance. Through a controlled immobilization, it is possible to minimize the steric hindrance on the active site of the enzyme after immobilization and explore the interaction between the enzyme and the surface in a better way. Globally, controlling the immobilization helps to improve the sensitivity, stability and shelf life of immobilized enzymes, thereby expanding their applications in the fields of biosensors, bioreactors and biofuel cells.

Among methods allowing a control of the orientation of immobilized enzymes, developments in confined environments are increasingly available, which demonstrates the great interest of this control [START_REF] Li | Construction and Direct Electrochemistry of Orientation Controlled Laccase Electrode[END_REF][START_REF] Simons | Site Directed Immobilization of Glucose-6-Phosphate Dehydrogenase Via Thiol-Disulfide Interchange: Influence on Catalytic Activity of Cysteines Introduced at Different Positions[END_REF]. Pezzella et al. immobilized a crude laccase on glutaraldehyde activated perlite (a cheap porous silica) and used it as a promising biocatalyst for the treatment of wastewaters containing dyes [START_REF] Pezzella | Immobilization of a Pleurotus Ostreatus Laccase Mixture on Perlite and Its Application to Dye Decolourisation[END_REF]. Since all the lysine residues of this specific laccase map on the opposite side with the respect of the active site (Fig. 1234567), the possibility of nonproductive orientation was diminished. The close distance between some of the lysines led to multiplied attachment on the solid support, thus improving the stability of the biocatalyst, however reducing its activity due to changes in the enzyme's conformation. Recently, Schöffe et al. achieved two different direct immobilizations of CGTase on silica support targeting in one case amino groups through glutaraldehyde activation and in the other Cys on the enzyme surface via disulfide bond formation. The two types of immobilized enzyme showed higher stability than the free enzyme towards temperature and acidity. And, the catalytic difference observed from the two immobilizations were attributed to differences in the orientation of the enzyme, with grafting sites more or less distant from the active site thus modulating the substrate access [START_REF] Schöffer | Directed Immobilization of Cgtase: The Effect of the Enzyme Orientation on the Enzyme Activity and Its Use in Packed-Bed Reactor for Continuous Production of Cyclodextrins[END_REF]. The protein is shown from two different angles, wherein the access to the active site is indicated by a red arrow. T1 copper is shown as a magenta sphere. Copper atoms of the trinuclear cluster are displayed as cyan spheres [START_REF] Pezzella | Immobilization of a Pleurotus Ostreatus Laccase Mixture on Perlite and Its Application to Dye Decolourisation[END_REF].

From all the mentioned examples, the control of enzyme orientation is achieved by the suitable covalent bonding of enzyme to activated supported materials, such as Cys residue to disulfide supports and Lys to aldehyde supports. Fernández-Lafuente, et al studied the immobilization process with site-directed mutagenesis of an enzyme, looking into several possibilities for oriented immobilization and enzyme rigidity [START_REF] Hernandez | Control of Protein Immobilization: Coupling Immobilization and Site-Directed Mutagenesis to Improve Biocatalyst or Biosensor Performance[END_REF]. The number of tethering points at the enzyme's surface and the nature of linker on carriers may alter the rigidification of the immobilized enzyme, then its activity and stability. Generally, multipoint attachments lead to more rigidity (and more structural stability) and fixed orientation. In practice, it requires a careful optimization of the support (the activation degree), of reaction conditions (pH, reaction time) and of the enzyme's surface modifications [START_REF] Mateo | Glyoxyl Agarose: A Fully Inert and Hydrophilic Support for Immobilization and High Stabilization of Proteins[END_REF]. Furthermore, the length of linker can modulate the rigidity of enzyme: short linker can lead to more rigidity whereas longer linker can induce more flexible and allows for a more effective multipoint covalent attachment [START_REF] Santos | Importance of the Support Properties for Immobilization or Purification of Enzymes[END_REF].

Enzyme loading

Enzyme loading is an important factor that can affect the catalytic efficiency of the immobilized enzyme in large extends [START_REF] Zhang | Parameters Affecting the Performance of Immobilized Enzyme[END_REF]. This is well exemplified by lipase immobilization.

Loading of lipase vary a lot due to the hydrophobic effects on this enzyme.

On one hand, enzyme-enzyme interaction can occur while using high initial enzyme concentration. This may affect the apparent conformation of the immobilized enzyme, such as a loss of secondary structure resulting in the inactivation of enzyme [START_REF] Carlsson | Enzymes Immobilized in Mesoporous Silica: A Physical-Chemical Perspective[END_REF]. Arana-Peña et al.

studied the effects of enzyme loading as well as immobilization conditions (varying pH, ionic strength, buffer, additives) on the catalytic behavior of lipase immobilized on Octyl-Agarose beads. Two different enzyme loadings (1 and 60 mg of enzyme/g support) were adapted. The conclusion is that the enzyme-enzyme interactions (especially at high enzyme loading) occur in different immobilization conditions that alter the enzyme conformation and further play an important role in controlling the final immobilized enzyme activity (Fig. 12345678) [START_REF] Arana-Peña | Effects of Enzyme Loading and Immobilization Conditions on the Catalytic Features of Lipase from Pseudomonas Fluorescens Immobilized on Octyl-Agarose Beads[END_REF]. Similarly, Fernandez-Lopez et al. also studied the effect of enzyme crowding through the immobilization of lipase onto octyl agarose beads. As they pointed out, when the immobilization rate is lower than enzyme diffusion rate, a homogeneous enzyme distribution can be obtained. This may avoid the interactions between immobilized enzymes and eliminate the negative influence on enzyme activity and stability [START_REF] Fernandez-Lopez | Effect of Protein Load on Stability of Immobilized Enzymes[END_REF].

On the other hand, high enzyme loading can alter substrate diffusion and thus the final enzyme activity. Rios et al. tried to improve lipase loading capacity of octyl-agarose (OA) beads through a layer-by-layer immobilization process. As they showed, the increase of the final biocatalyst activity from the increased enzyme loading depends on the specific activity of the enzyme and on the diffusion limitation of the substrate. An overhigh loading decrease the substrate diffusion rate, making part of the immobilized enzyme inefficient [START_REF] Rios | Increasing the Enzyme Loading Capacity of Porous Supports by a Layer-by-Layer Immobilization Strategy Using Pei as Glue[END_REF]. Zhang et al.

also investigated the effect of steric hindrance on an immobilized lipase. They equally concluded that an excessive lipase loading results in an intermolecular steric hindrance and substrate diffusion problems greatly affecting the lipase activity [START_REF] Zhang | Effect of Poly(Vinyl Acetate-Acrylamide) Microspheres Properties and Steric Hindrance on the Immobilization of Candida Rugosa Lipase[END_REF].

Globally, the amount of enzyme immobilized on carriers and conditions of immobilization [START_REF] Lokha | Modulating the Properties of the Lipase from Thermomyces Lanuginosus Immobilized on Octyl Agarose Beads by Altering the Immobilization Conditions[END_REF] have obvious influence on the performance of the immobilized enzyme. Therefore, one should pay enough attention to this aspect when preparing an immobilized enzyme and select an optimum loading. 

Metal-based heterogeneous catalyst

Nowadays, the high active heterogeneous catalysts based on metallic species attract much attention for selective chemical transformations and in particular oxidative transformations.

Many transition metal-based heterogeneous catalysts have been explored [4,[START_REF] Mallat | Oxidation of Alcohols with Molecular Oxygen on Solid Catalysts[END_REF]. Globally, they can be classified as two classic forms, immobilized metal NPs and immobilized metal complexes.

First, the combination of metal NPs with solid supports is an effective way to avoid the aggregation and deactivation of the metal NPs, which is the most serious drawback when employed metal NPs in practical catalytic reactions [START_REF] Verho | Mesoporous Silica Nanoparticles Applied as a Support for Pd and Au Nanocatalysts in Cycloisomerization Reactions[END_REF]. As we mentioned in section 1.2.1.1, two methods can be used for metal NPs immobilization. Bäckvall and his group have been among of the pioneers in this area developing various Pd based heterogeneous catalysts via impregnation/reduction route. The obtained palladium particles catalysts were evaluated on alcohol oxidation [START_REF] Johnston | Highly Dispersed Palladium Nanoparticles on Mesocellular Foam: An Efficient and Recyclable Heterogeneous Catalyst for Alcohol Oxidation[END_REF] and oxidative cyclization of enallenols [START_REF] Li | Diastereoselective Cyclobutenol Synthesis: A Heterogeneous Palladium-Catalyzed Oxidative Carbocyclization-Borylation of Enallenols[END_REF][START_REF] Li | Efficient Heterogeneous Palladium-Catalyzed Oxidative Cascade Reactions of Enallenols to Furan and Oxaborole Derivatives[END_REF]. Overall, they pointed out that the solid support of the heterogeneous catalyst protects the Pd species from aggregating to Pd black during the catalytic cycle, which leads to a high Pd efficiency of the heterogeneous catalyst. More, these catalysts can be reused for several times without any loss of activity and selectivity. Malcolm, et al. also investigated the synthesis of heterogeneous catalysts from mesoporous silica foam and noble metal nanoparticles [START_REF] Davidson | Hybrid Mesoporous Silica/Noble-Metal Nanoparticle Materials-Synthesis and Catalytic Applications[END_REF]. The nanoparticles can be either dispersed on the surface of silica foam or entrapped in the silica matrix. The metal-based heterogeneous catalyst can be used for various reactions with a high stability and sometimes an enhanced activity.

As we mentioned in section 1.1.1, the metal catalytic center can be protected and stabilized by the addition of ligand. The most advantageous point is that the surrounding ancillary ligands (steric and electronic features) enables the tuning of the catalyst's structure for optimization of its reactivity and selectivity [START_REF] Schmid | Ligand-Stabilized Metal Clusters and Colloids: Properties and Applications[END_REF]. Thus, it is important to study the immobilization of metal-ligand complex onto different materials. To anchor organo-metallic complexes on materials, two strategies are mainly used so far (Fig. 123456789). The first one involves the preparation of the metal-ligand complex at the molecular precursor step, followed by the synthesis of the heterogeneous catalyst. It is advantageous with well-characterized metal complex. The second one requires the fabrication of a ligand-containing material and a subsequent complexation of the solid by metallic compounds. For this method, the structure of metal complex is less controlled according to the number of ligands around metal [START_REF] Zamboulis | Hybrid Materials: Versatile Matrices for Supporting Homogeneous Catalysts[END_REF].

Fig. 123456789Two strategies used for the immobilization of metal-based complex.

For example, Linares, et al. covalently anchored/tethered/grafted three palladium complexes to the porous silica supports using a direct co-condensation under a gentle condition and investigated the corresponding catalytic performance for the Suzuki-Miyaura reaction under solvent-free conditions [START_REF] Linares | Synthesis of Mesoporous Metal Complex-Silica Materials and Their Use as Solvent-Free Catalysts[END_REF]. Through this method, all the synthesized metal complexes can be characterized prior to immobilization and it is possible to compare the activity with that in solution. Smith, et al. first introduced the ligand into mesoporous silica and achieved metal complexation inside the silica pores. It was demonstrated that the catalytic activity of metal complexes can be dictated by the local ligand environment [START_REF] Smith | Metal Complex Assembly Controlled by Surface Ligand Distribution on Mesoporous Silica: Quantification Using Refractive Index Matching and Impact on Catalysis[END_REF].

In general, obtaining metal-based heterogeneous catalyst (in the form of metal NPs or complex) is an effective way to overcome separation problems encountered in homogeneous situation.

Moreover, similarly to enzyme immobilization, immobilized metal based catalysts usually have good stability and reusability. However, metal-based catalyst immobilization still faces issues such as the accessibility of all active sites which renders heterogeneous catalysts less efficient than homogeneous ones. Also, leaching of metal centers from solid supports may occur, which will alter the efficiency of the heterogeneous catalysts compared to their homogeneous counterpart (e.g. difficult separation of metal traces in final desired product).

Also, the chemical and electronic structure of the metal complex maybe changed during immobilization process. The selection of appropriate immobilization materials and methods will be helpful to circumvent these problems. And an optimal catalyst loading should be studied for better efficiency after immobilization.

Co-immobilization of enzyme and metal catalyst

Cascade reactions (domino, one pot, tandem/cooperative) are defined as consecutive series of chemical reactions proceeding in a cooperative fashion. Consecutive reactions lead to atom economy, step savings and therefore high yield. Artificial metalloenzyme is one of the effective approaches to achieve this result. However, as previously mentioned, some problems for using artificial metalloenzymes in homogeneous condition remain (such as availability, recyclability and stability in specific harsh reaction conditions). Moreover, preparation of solid heterogeneous catalysts with a precise control over the location of different functionalities for cascade reaction is a great challenge [START_REF] Filice | Cascade Reactions Catalyzed by Bionanostructures[END_REF][START_REF] Climent | Heterogeneous Catalysis for Tandem Reactions[END_REF].

Reports about the preparation of co-immobilized metallic NPs and enzymes (nano-biohybrid) emerged in the last few years. For example, the group of Bäckvall successfully constructed a co-immobilized lipase/Pd NPs heterogeneous catalyst in two steps (Fig. 12345678910) and experienced the dynamic kinetic resolution (DKR) of primary amines [START_REF] Engström | Co-Immobilization of an Enzyme and a Metal into the Compartments of Mesoporous Silica for Cooperative Tandem Catalysis: An Artificial Metalloenzyme[END_REF]. Lipase in mesoporous silica material acts as a resolving agent that selectively transforms one enantiomer of the starting amine into the corresponding amide. The unreacted amine is then racemized by another catalytic species based on palladium nanoparticles. An enhanced efficiency in the dynamic kinetic resolution of an amine was obtained due to the proximity of the two catalytic species, allowing the cooperative manner from both metal and enzyme. Very recently, Moradi et al. also achieved the co-immobilization of a laccase and palladium particles into the cavity of silica meso-cellular foam (MCF) [START_REF] Moradi | Design and Synthesis of a Versatile Cooperative Catalytic Aerobic Oxidation System with Co-Immobilization of Palladium Nanoparticles and Laccase into the Cavities of Mcf[END_REF]. Using catalytic amount of hydroquinone (HQ) as mediator, they performed aerobic oxidative dehydrogenation of C-O, C-C and C-N bonds in phosphate buffer/THF (4%) as solvent under mild conditions. But, the presence of redox mediator in this system makes it tricky for the cooperative manner between enzymatic and metallic catalyst. In this case, there is no direct interaction between these two catalysts since, as demonstrated, laccase can be used for aerobic oxidation transformations in the presence of redox mediator [29]. And, oxidation conditions (80°C) remains abnormal concerning laccase stability (no mention of laccase source in the paper).

Another way to obtain the co-immobilized enzyme and metal in the same carrier is based on the immobilization of conventional artificial metalloenzyme. for the Pd nanoparticles. This biohybrid catalyst was used for a One-Pot, two steps cascade reaction with excellent enantioselectivity [START_REF] Görbe | Design of a Pd(0)-CalB CLEA Biohybrid Catalyst and Its Application in a One-Pot Cascade Reaction[END_REF]. The first step was the cycloisomerization of 4-pentynoic acid catalyzed by Pd. The product served as an acyl donor for a lipase catalyzed kinetic resolution of 1-phenylethanol in the next step. Also, this biohybrid catalyst was used for efficient dynamic kinetic resolution of primary benzylic amines, where the lipase transformed one enantiomer and Pd catalyzed the racemization of unreacted amine [START_REF] Gustafson | Chemoenzymatic Dynamic Kinetic Resolution of Primary Benzylic Amines Using Pd(0) -CalB CLEA as a Biohybrid Catalyst[END_REF] (Fig. [1][2][3][4][5][6][7][8][9][10][11][12][13]. This CLEA biohybrid catalyst was proved with good reusability, although less profound than the catalyst attached on solid support. Similarly, without the use of traditional solid materials, the group of Ménage developed crosslinked artificial enzyme crystals (CLECs) working as heterogeneous catalyst [START_REF] Lopez | A Selective Sulfide Oxidation Catalyzed by Heterogeneous Artificial Metalloenzymes Iron@Nika[END_REF][START_REF] Lopez | Cross-Linked Artificial Enzyme Crystals as Heterogeneous Catalysts for Oxidation Reactions[END_REF].

In one of their recent work, they inserted an iron complex into a NikA protein crystal and adapted this CLECs system for sulfide oxidation. It was shown that this system possessed a higher reaction kinetics and a better stability compared to the solution counterpart. Also, it expanded the substrate scope to water insoluble ones. However, there is not yet enantioselectivity demonstrated with this system [START_REF] Lopez | A Selective Sulfide Oxidation Catalyzed by Heterogeneous Artificial Metalloenzymes Iron@Nika[END_REF].

In summary, a confinement of both the biocatalyst and transition metal catalysts in the same solid support (or crosslinked enzyme as support) can promote a synergy between the two catalysts and give full use of the potential of the biocatalyst and the transition metal catalyst, thereby expanding the application range of the catalyst. More importantly, these coimmobilization processes provide the advantages of heterogeneous catalysis, including an easy catalyst separation and catalyst reusability. Consequently, the development of sitespecific and controlled covalent immobilization methodologies for retaining both the enzyme and catalyst intrinsic functions is a cutting-edge aera.

Continuous flow (micro)reactors

Heterogeneous catalysts can be performed in continuous flow-based (micro)reactors [START_REF] Rossetti | Continuous Flow (Micro-)Reactors for Heterogeneously Catalyzed Reactions: Main Design and Modelling Issues[END_REF].

Compared to traditional batch setups, the advantages mainly consist on process automation, higher heat and mass transfer rates, a more straightforward incorporation of online analysis tools and it is suitable for different heterogeneous catalyst systems, such as immobilized organometallic, metallic nanoparticle and enzymatic catalysts. Three typical approaches for the implementation of various catalysts in a continuous flow reactor are used: namely packed-bed, monolithic and wall coated reactors (Fig. 1234567891011121314).

For packed-bed reactors, the prepared heterogeneous catalysts are tethered to beads or into the channels of microbeads packed in a column. It allows for higher specific catalyst loading and shorter diffusion pathway than in a batch reactor. However, the fluid dynamics and heat transfer are less controlled [START_REF] Karim | Comparison of Wall-Coated and Packed-Bed Reactors for Steam Reforming of Methanol[END_REF]. Packed-bed reactors were used to explore the activity of immobilized catalyst for different applications with better performance than batch reactor. For example, under continuous-flow conditions, the synthesis of propyl caffeate was achieved in 2.5h in a packed bed lipase microreactor, whereas it took 24 hours in a batch reactor [START_REF] Wang | Rapid Synthesis of Propyl Caffeate in Ionic Liquid Using a Packed Bed Enzyme Microreactor under Continuous-Flow Conditions[END_REF]. A microreactor packed with 2 wt% Pd/zeolite catalyst was used to study the hydrogenation of onitroanisole. It was shown that the mass transfer coefficient in the microreactor is much higher than in traditional batch reactor [START_REF] Tadepalli | Catalytic Hydrogenation of O-Nitroanisole in a Microreactor: Reactor Performance and Kinetic Studies[END_REF].

Monolithic reactors are also popular due to their low pressure, good permeability, fast mass transfer and easy functionalization. Among them, silica monoliths are widely used with covalently attached enzymes retaining good catalytic performance [START_REF] Roucher | Bilirubin Oxidase-Based Silica Macrocellular Robust Catalyst for on Line Dyes Degradation[END_REF][START_REF] Van Der Helm | Hydroxynitrile Lyases Covalently Immobilized in Continuous Flow Microreactors[END_REF]. They are also suitable for the immobilization of metal-based catalyst. Smith, et al. constructed continuous flow capillary microreactor, using microporous monolith anchored with palladium complex.

This reactor showed good yield towards Suzuki cross-coupling reaction and the activity was maintained for 4 days of continuous use [START_REF] Bolton | Macroporous Monolith Supports for Continuous Flow Capillary Microreactors[END_REF].

Last, a wall-coated reactor means that the immobilization of different kinds of catalysts is performed on the interior of channel walls, minimizing the mass transfer resistance. Normally, a mono-layer film of the catalyst support on the inner walls is obtained, which results in a lower catalyst loading compared to the other two approaches. Modifying the inner wall with some biocompatible nanostructured materials leads to increased catalyst loading on the inner walls [START_REF] Zhu | Microfluidic Immobilized Enzyme Reactors for Continuous Biocatalysis[END_REF]. Kobayashi et al. introduced a palladium catalyst into the inner wall of microchannel and performed hydrogenation reactions rapidly (2 min). It was demonstrated that this device was quite suitable for multiphase catalytic reactions (gas-liquid-solid) [START_REF] Kobayashi | A Microfluidic Device for Conducting Gas-Liquid-Solid Hydrogenation Reactions[END_REF]. 

Laccase

Introduction of laccase

The enzyme laccase (EC1.10.3.2) is a particularly robust biocatalyst oxidizing organic substrates (typically a phenol or an aromatic amine) at the expense of dioxygen reduction. It is found in plants [START_REF] Mayer | Laccase: New Functions for an Old Enzyme[END_REF], bacteria [START_REF] Santhanam | Expression of Industrially Relevant Laccases: Prokaryotic Style[END_REF] and fungi [START_REF] Kunamneni | Fungal Laccase -a Versatile Enzyme for Biotechnological Applications[END_REF][START_REF] Imran | Production and Industrial Applications of Laccase Enzyme[END_REF]. Fungal laccases are the most studied; they exhibit a high redox potential and strong catalytic activity [START_REF] Yang | Laccases: Production, Expression Regulation, and Applications in Pharmaceutical Biodegradation[END_REF][START_REF] Baldrian | Fungal Laccases -Occurrence and Properties[END_REF]. They can not only catalyze the oxidative polymerization of substrates, but also efficiently oxidize and degrade lignin into low-molecular weight phenolics and aromatics. So far, more than 60 kinds of fungi have been used for research. Notably, laccases from white rot fungi (basidiomycetes) can be used to convert lignocellulose into carbon dioxide [START_REF] Singh Arora | Ligninolytic Fungal Laccases and Their Biotechnological Applications[END_REF].

Structure of laccase

Laccases from different organisms have different molecular weight ranges, from 50 to 130 kDa [START_REF] Jaiswal | Purification of a Thermostable Alkaline Laccase from Papaya (Carica Papaya) Using Affinity Chromatography[END_REF]. The most important part of the laccase structure is the copper atoms, which participate in the structure and composition of the active center of the laccase. According to different magnetic and spectroscopic properties, the four copper atoms fall into three categories [START_REF] Agrawal | Fungal Laccase Discovered but yet Undiscovered[END_REF]. Fig. 1-15 shows the specific structure of laccase's active centers.

The type 1 copper site contains a copper ion coordinated with two histidines (His) and one cysteine (Cys). In its oxidized form, the T1 copper ion has a strong blue characteristic absorption band at 610 nm (Cys(S)→Cu(II) charge-transfer (CT) band, ε=5600 M -1 cm -1 ). It exhibits a weak parallel (A∥) superfine splitting in the ESR spectrum. Laccase accepts an electron from substrates located in the vicinity of the T1 copper site without the substrate being coordinated to the metal (purely outer sphere mechanism). Electrons are sequentially transferred (intramolecular electron transfer) to a tri-nuclear cluster (TNC) of copper ions where dioxygen reduction takes place.

The TNC holds a type 2 and a type 3 copper sites spatially close together. The T2 copper ion is bonded to 2 two histidines (His). In its oxidized form it exhibits spectral features reminiscent of tetragonal cupric complexes (i.e., no detectable transition in the UV/Vis region and a large A∥ coupling constant in its ESR spectrum). The type 3 copper site is composed of a pair of bridged antiferromagnetically coupled copper ions coordinated each to three histidines. The oxidized T3 copper site (similar to that present in catechol oxidase and tyrosinase) is characterized by a bridging hydroxide to Cu(II) CT transition at 330 nm (ε ≈ 5000 M -1 cm -1 ).

Due to the coupling effect, the T3 copper site has no feature in the ESR spectrum. 

Reaction mechanism of laccase

As mentioned, the oxidation of substrate occurs at the T1 copper site which accepts electrons from substrates. Then, electrons are shuttled to the TNC (through bonds or space), where Under certain conditions, however, these compounds can be indirectly oxidized by laccase through the mediation of small, redox-active laccase substrates. The combination of laccase and mediators is commonly called laccase/mediator systems [START_REF] Kunamneni | Fungal Laccase -a Versatile Enzyme for Biotechnological Applications[END_REF] as first reported in 1990 by Bourbonnais et al. [START_REF] Bourbonnais | Oxidation of Non-Phenolic Substrates[END_REF]. LMS can oxidize non-phenolic structural units of lignin and therefore can be used in paper pulp bleaching [START_REF] Sigoillot | Natural and Recombinant Fungal Laccases for Paper Pulp Bleaching[END_REF]. In such cases, the mediator acts as an electron reservoir during the oxidation-reduction reactions, and participates in substrate oxidation and laccase reduction (Fig. 1234567891011121314151617). To date, more than 100 artificial and lignin-derived natural redox mediators have been described (Fig. 123456789101112131415161718). Among them, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)

(ABTS), 1-hydroxybenzotriazole (HBT) or (2,2,6,6-Tetramethylpiperidin-1-yl)oxy (TEMPO)

are the most commonly used ones [START_REF] Camarero | Lignin-Derived Compounds as Efficient Laccase Mediators for Decolorization of Different Types of Recalcitrant Dyes[END_REF][START_REF] Kunamneni | Engineering and Applications of Fungal Laccases for Organic Synthesis[END_REF]. In recent years, the development of laccasemediator systems has broadened the range of laccase-catalyzed oxidation of substrates. LMSs have considerable potential for various bio-technological applications, such as paper pulp bleaching, organic synthesis, biofuel cells, and bioremediation [START_REF] Cañas | Laccases and Their Natural Mediators: Biotechnological Tools for Sustainable Eco-Friendly Processes[END_REF]. 

Objectives

As we mentioned previously, the aerobic oxidation of alcohol to the corresponding carbonyl compound is a key reaction in organic synthesis and is widely desirable in industrial process.

Transition metallic and enzymatic catalysts are two important and different catalysts widely used for oxidative transformations. Among them, Pd-based catalyst has been widely used. The emergence of artificial enzymes has started to lead to the enlargement of the substrate scope of enzymes and to the use of more environmentally friendly experimental conditions thanks in particular to the synergy obtained between these two catalysts. Moreover, heterogeneous catalysis is a way that must be followed to achieve the reuse of the catalysts. However, beyond the introduction of a solid support into the catalytic system, there are many parameters that should be modulated to control and to improve the activity of the immobilized catalysts. One important aspect is the orientation of catalysts in a confined environment. A control on the orientation can be obtained by performing a suitable covalent bonding of the catalyst to activated supported materials. The degree of control on orientation is dependent on the immobilization conditions, the properties of linkers used (in particular the arm length), the number of tethering points, etc.

In this work, our general objective was to build a hybrid system, combining both a Pd-based catalyst and a laccase for the efficient aerobic oxidation of alcohol under mild experimental conditions. Moreover, to gain on the operability of this chemo-enzymatic hybrid for future applications, we aimed at developing a heterogeneous system by confining palladium complex and laccase in close vicinity in silica foams. In this way, these two catalytic species should work in a more cooperative manner. During all this work, we kept the motivation to modulate the organization and orientation of Pd/laccase into the silica foams in order to study the influence of a designed organization on catalytic performance.

To be specific, in chapter 2, we describe the achievement of the site-directed immobilization of laccase to silica foam based on covalent binding. We used this laccase-based heterogeneous catalyst for continuous flow catalysis, demonstrating excellent activity, stability and reusability. To study the effect of enzyme orientation on catalysis, two laccase variants, owing a single accessible surface lysine at opposite positions relative to the T1 copper site were immobilized and evaluated. The results described in this chapter were the basis for the construction of co-immobilized heterogeneous catalysts (Pd complex +laccase).

In chapter 3, we report on our efforts devoted to the construction of heterogeneous hybrid catalysts and the evaluation of their aerobic oxidation of alcohol activity. We designed palladium complexes with two graftable arms (adjustable in length) for aerobic oxidation. First, the synergetic interaction between the palladium and enzyme was evaluated in homogeneous conditions. To better vectorize palladium + laccase and/or hybrids palladium⊂ laccase to the surface of silica foam, immobilization strategies for two laccase variants (the same as those described in chapter 2) were adapted, varying the order of immobilization of the two catalysts.

The activity of each resulting chemo-enzymatic hybrid catalyst was evaluated towards alcohol oxidation. Playing with the organization of three partners (silica, palladium and laccase) in the system, these modulations allowed us to assess its influence on the environment of the substrate, paving the way for a better control of the reactivity with the next generation of this artificial bioinspired system.

Introduction

The development of new processes for a sustainable chemistry is at the heart of the great challenges of tomorrow [1]. In this perspective, laccases represents an interesting class of biocatalyst as they are able to oxidize a wide range of organic compounds with the concomitant reduction of dioxygen into water. So far, laccases have been widely used for bioremediation processes, particularly for the treatment of dye-containing wastewaters under homogenous conditions [2,3]. However, there are some limitations for their applications due to the complexity of real wastewater. This highlights the need for the choice of very robust catalyst.

In this work, we selected LAC3 from Trametes sp. C30 as our model enzyme.

Enzyme immobilization is a way to widen the scope of laccase application allowing improved operational activity, stability, reusability, selectivity, or resistance to deleterious compounds [4,5]. Among the numerous materials available, macroporous silica offer many advantages such as straightforward synthesis, low cost, chemical stability, adjustable pore structure, and the possibility to graft a wide range of functional groups [6,7]. Its highly porous structure provides a high surface area enabling high loadings with good mass transfer rate. They are suitable materials for batch and continuous flow catalysis (monoliths) [8,9]. Stable covalent bonding of laccase can be achieved through the surface functionalization of silica foam with glutaraldehyde [10,11]. This is the method often chosen for preventing the leaching of laccase from carriers.

However, in the absence of a specific design immobilization of proteins often leads to uncontrolled enzymes orientations which can alter the resulting activity probably due to distortion of the enzyme conformation, or a limited access to the active site and difficulty of mass transfer [12][13][14]. To minimize the above negative effects, it is meaningful to study possible orientations of a specific enzyme and select for a desirable one [15]. Derived from LAC3, the mono-functionalizable variants UNIK71 (a single accessible surface lysine in the vicinity of the T2/T3 trinuclear cluster) and UNIK157 (a single accessible surface lysine in the vicinity of the T1 Cu II site) have been constructed by site-directed mutagenesis [16,17] (Fig.

2-1).

The single grafting point (-NH2 group of lysine) at the surface of each variant makes it possible to reach a site-directed immobilization of laccase in two opposite orientations. On the other hand, the surface lysine can be modified with exogeneous molecules. In both cases, the covalent grafting is realized in mild conditions using a reductive alkylation reaction adapted from Mc Farland and Francis [18].

In this chapter, the site-directed immobilization of LAC3, UNIK71 and UNIK157 confined into silica-based foams is described. Immobilization was achieved using a covalent bond formation reaction between the enzyme and a glutaraldehyde activated silica foam. The operational activity (periodical use and storage) was tested with HBT-mediated RB5 dye decolorization in continuous flow reactors. The effect of the proximity of the surface of the silica material on the enzyme activity toward different substrates was studied by comparing the performances of immobilized UNIK71 and UNIK157, that are grafted in two opposite orientations. We show that such strategy is highly efficient for the immobilization of laccase in different orientations on silica foams while promoting stability and reusability of the catalysts. Influence of grafting conditions and of the enzyme orientation is discussed on the basis of the oxidation capabilities for different substrates and pH stability. 

Results and discussions

Foam preparation, surface functionalization and characterization

Following a synthetic protocol previously published by our collaborator (Prof. Rénal Backov's group, CRPP, Univ. Bordeaux) [19], we produced 3D-macrocellular Si(HIPE) (HIPE = High Internal Phase Emulsion) monoliths bearing hierarchical porosities. The synthesis procedure is described in Scheme 2-1. The first step is the hydrolysis of tetraethyl orthosilicate (TEOS)

to give Si(OH)4, the silicic acid being the inorganic polymer precursor. The precursors being hydrophilic, oil droplets (dodecane) are dispersed within the continuous aqueous phase. The process ends with the polymerization of the emulsion continuous phase and the removal of the dispersed one [6].

Scheme 2-1 Synthesis procedure of Si(HIPE). Adapted from the thesis of Armand Roucher [2].

The surface of Si (HIPE) is rich in silanol groups. Desiring to use this material later for continuous flow reactions, a pre-functionalization of the surface of the foam is necessary for a subsequent enzyme immobilization. For this reason, an amine group is first anchored by post-synthesis grafting, using a commercial organosilane: (3-aminopropyl) triethoxysilane commonly called APTES. The resulting foam is named as NH2@Si(HIPE). As stated in the bibliographic study, it is then possible to further functionalize this type of foam with selected function such as epoxy, thiol, etc.. A simple way that has been widely explored for enzyme immobilization is the use of glutaraldehyde. However, one has to consider some structural and functional concerns when using glutaraldehyde [20,21]. As found in literature, highly activated supports (at high glutaraldehyde content, i.e. 10 %, wt.%) can promote three different kinds of interactions with a protein: hydrophobic, anionic exchange and covalent [22]. In most cases, an ionic exchange with the amino groups in the support was shown to be the first step in the immobilization [11]. In this situation, it is difficult to control the orientation of the enzyme in the immobilization process and further its reactivity. On the other hand, low glutaraldehyde content (i.e. less than 1 % , wt.%) lead to a weakly activated support where apparently any primary amino group can covalently bind only one molecule of glutaraldehyde.

Although slow, immobilization should not end up reaching multipoint covalent attachment [4].

Considering the above, we chose a low glutaraldehyde activated foam (0.625%, wt.%), being HCO@Si(HIPE) for enzyme immobilization. A series of characterizations were performed to visualize the morphology of foams and follow the surface functionalization.

Bare silica foams are obtained as white monolith with a diameter around 5 mm (Fig. 2-2).

Characterization through scanning electron microscopy (SEM) was undertaken for the bare silica foams. From the SEM images of bare silica foam (Fig. . This porous structure is advantageous for performing heterogeneous catalysis within modified Si(HIPE) foams, where all the catalytic species can be reached at ease while minimizing molecular hindrance and optimizing catalytic sites accessibility acting at the macroscopic length scale [6]. In order to get information on the meso and microporosity of the material, a nitrogen adsorption and desorption curve was obtained for pristine Si(HIPE) (Fig. 23). The Brunauer-Emmett-Teller (BET) surface area of ca. 600 m 2 g -1 -accounting essentially for the microporosity -calculated for bare Si(HIPE) foams is in agreement with values previously obtained for this type of foam [7]. In this type of material, the surface area corresponding to the macroporosity is considered as low. It has been demonstrated that post-grafting of silane tends to block the mesoporous nodes, thus minimizing the access of small molecules to the interior of the mesopores (N2 for example). This feature is enhanced with enzyme adjunction.

As a direct consequence, it is postulated that subsequent reactions occur within the macropores [23]. This is an important parameter when considering the enzyme immobilization on this support.

Fig. 2-3

A: Nitrogen adsorption and desorption curve for pristine Si(HIPE); B: the mesoscopic pore size distributions obtained through the Barret-Joyner-Halenda (BJH) method, applying the thickness curve according to the Halsey equation and using the Faas correction [24].

To get more insights of the local chemical environment around the Si atoms and identify different siloxane species, solid 29 Si NMR was used for analysis. Generally, 29 Si sites are labeled with the conventional Q n and T n notation [25,26]. Q n units represent the number of Si-O-Si bonds per silicon atom. T n units correspond to grafted species and represent the number of Si-O-Si bonds for a silicon atom linked with a carbon atom (Fig. 234). The presence of T n signals further confirmed the efficient grafting of organo-silane derivative [27].

Both pristine Si(HIPE) and HCO@Si(HIPE) were analyzed to confirm and quantify the grafting of organic molecules on the surface. As expected, Q 4 sites signal (about -108 ppm) with a significant amount of Q 3 sites signal in about 2:1 ratio are major signals observed for bare Si(HIPE). Q 2 sites are present as minor species (Fig. 2345A, Table 2-1). The modified HCO@Si(HIPE) foams give rise to additional signals in the -60 to -70 ppm range, accounting

for T-type sites, as expected from the presence of RSiO3 entities (Fig. 2345). Grafting of RSi(OEt)3 fragments on the Q 3 (and Q 2 ) species is attested by the decrease in the Q 2,3 /Q 4 ratio from 0.42 in Si(HIPE) to 0.40 for HCO@Si(HIPE) (Table 2-1). For HCO@Si(HIPE) foams, both T 3 (fully condensed species, at about -64 to -66 ppm) and T 2 (incompletely condensed species, with a single residual hydroxyl group, at about -56 to -60 ppm) are observed.

Accounting for about 9 % of the silicon atoms for HCO@Si(HIPE), the presence of these sites reveals an efficient grafting at the surface of the material (Table 2-1). For the quantification, the amount of T 2 and T 3 is nearly the noise, we performed the evolution by Origin software.

Fig. 2-4

Si site types description observed by 29 Si NMR [28] Fig. 2-5 29 Si NMR spectra for A: bare silica foam, and glutaraldehyde-functionalized silica foam B: HCO@Si(HIPE). The corresponding deconvolution of spectra (quantification) are presented as colored traces. 65.0 a : Chemical shift ; b : Line width ; c : Relative percentage FT-IR allowed us to follow step by step the surface functionalization of the foams (Fig. 23456).

Characteristic absorptions at 1031.18 cm -1 and 798.30 cm -1 assigned respectively to Si-O-Si asymmetric and symmetric stretching are observed for the pristine Si(HIPE) foam (Fig. 23456a).

Bands corresponding to OH stretching mode are also observed at 2400 cm -1 to 3600 cm -1 as well as that at 1634 cm -1 . After functionalization with APTES (NH2@Si(HIPE)), a new peak appearing at 1558 cm -1 is assigned to the N-H bending vibration of the amine group (Fig. 23456b). For HCO@Si(HIPE) (Fig. 23456c), an increase in the signal at 1634 cm -1 assigned to C=N stretching is observed demonstrating the successfulness of aldehyde functionalization. Taken together, characterization of monoliths through scanning electron microscopy (SEM) as well as the evaluation of the material porosity by nitrogen physisorption confirms both the nature and the structure (mesoscopic length scale) of the silica support materials [29]. Besides, the results of 29 Si solid NMR and FT-IR verify the surface functionalization of silica foams.

Physisorption method for enzyme immobilization

To start with, the enzyme LAC3, UNIK157 and UNIK71 were independently physisorbed onto pristine Si(HIPE) and NH2@Si(HIPE) by impregnation of laccases solution under vacuum followed by extensive washings with acetate buffer pH 5.7. Washing was performed under continuous circulation of the buffer with a flow rate of 3.0 mL min -1 for a total of 1h. Enzyme activity (ABTS oxidation) was evaluated in the circulating buffer to check for enzyme leach out. After impregnation, it is possible to estimate the amount of loaded enzyme based on the enzyme difference in the solution before and after impregnation. Unfortunately, after an extensive buffer washing almost 95%-100% of the fully active enzymes are recovered in the washing solution as shown in Table 2-2. These results indicate that interactions between our laccases and Si(HIPE) or NH2@Si(HIPE) are too weak for a stable immobilization. Therefore, physical adsorption onto silica is not suitable for the immobilization of LAC3, UNIK157 and UNIK71 enzymes and their further use in catalytic reactions. This behavior appears very interesting to us as it highlights that neither ionic or hydrophobic interactions occurring between laccase and the material should compete with the covalent bonding we intended to use. 

Site directed immobilization

To avoid the leaching of adsorbed enzyme molecules we observed, a post-functionalization of laccase was performed through Schiff-base forming reaction involving a surface exposed lysine residue (Scheme 2-2). Scheme 2-2 Schematic representation for the immobilization strategy. The free amine groups of the NH2@Si(HIPE) are post-functionalized with glutaraldehyde via a covalent bond forming reaction. In a second step, the enzyme is post functionalized with a second Schiffbase forming reaction. Adapted from Engström et al. [30].

The enzyme immobilization process was first evaluated with LAC3 (the native laccase). In this enzyme, the presence of only two surface located lysine residues (K40 and K71) spatially close to each other (Fig. 2-1) ensure a similar orientation for each enzyme molecule. Enzyme immobilization was performed on aldehyde activated foams HCO@Si(HIPE). The obtained catalysts were named LAC3@HCO@Si(HIPE).

Characterizations for LAC3 immobilization

The enzyme load was initially evaluated spectrophotometrically from the evolution of the laccase T1 copper site absorption at 610 nm (610nm =5600 M -1 cm -1 ) in the impregnation solution and confirmed by ICP-MS measuring the copper content. FT-IR was used to verify the success of enzyme immobilization (Fig. 2-7A). Compared to NH2@Si(HIPE) and HCO@ Si(HIPE) spectra (Fig. 23456), for LAC3@HCO@Si(HIPE) foam (Fig. 2-7A), an increase in the signal at 1634 cm -1 assigned to C=N stretching is clearly observed demonstrating the enzyme grafting. Characteristic CH2-stretching vibration bands accounting for more organic moiety attached to the silica material [8] are also visible at 2875 cm -1 . Fig. 234567B reports the evolution of LAC3 loads (i.e. mass of immobilized laccase per mass unit of material) as a function of the enzyme concentration in the impregnation solution. For HCO@Si(HIPE), immobilization of LAC3 increases linearly with the concentration of the impregnating enzyme solution with no apparent saturation attesting for a good accessibility to the material. Relative to the initial laccase weight used in the impregnation solution, ca. 30 % of enzyme is retained into the glutaraldehyde-activated foam after grafting (Table S1).

Fig. 2-7

Characterization of LAC3 loaded silica foams. A. Infrared spectra of LAC3@HCO @Si(HIPE), 8.2 mg g -1 . Samples were dried overnight in an oven (80°C) prior analysis. B. LAC3 loads for HCO@Si(HIPE) as function of the initial enzyme concentration in the impregnation solution.

Testing the catalytic activity of immobilized LAC3

Catalysis experiments were performed in a recycling reactor, consisting of the homemade column, a peristaltic pump, and an expansion tank for the substrate solution (dissolved in 100 mM acetate aerated buffer, pH 5.7) (Fig. 2345678). In a typical experiment, the total volume of the reaction mixture is 15 mL with a flow rate set at 3 mL min -1 at room temperature. Before starting catalysis, a buffer solution (100 mM Na acetate, pH 5.7) is circulated for 30 minutes in the whole system to wash out the unbound enzyme. After each cycle, the column is disconnected and the system extensively washed with ethanol then distilled water. Acetate buffer is then used to wash the whole system with the column connected. Activity of immobilized LAC3 can be tested on different substrates (e.g. non-chromogenic and chromogenic). The non-chromogenic substrates require complex down analysis (e.g. NMR and/or MS), which makes it hard to manage for the continuous reactor. While, for the chromogenic substrates (e.g. ABTS), it is oxidized by LAC3 so fast that it is also not suitable for continuous analysis (dilution is required). Considering these points, organic dyes can be good models for testing the activity of immobilized laccase online in a circulation reactor since they are pollutants widely used in textile industry and their degradation efficiency can be calculated based on the loss of color intensity directly. Dye decolorization was evaluated by measuring the decrease of maximum absorbance at 595 nm for RB5 and 550 nm for RBBR by UV-Vis. Fig. 23456789shows the structures of substrates used in this study. Since organic dyes are difficult to be oxidized by laccase alone, the laccase mediator systems (LMS) was used for performing dye decolorization. And, 1-hydroxybenzo-triazole (HBT) was selected as the redox mediator in this study. Considering the fact that redox mediators are usually expensive and difficult to recover from reaction mixture, attempts have been made to immobilize mediators to recycle them. For example, co-immobilization of laccase with small molecules has been experienced with TEMPO [31] and ABTS [32]. Inspired by these works, we performed the co-immobilization of laccase and HBT onto HCO@Si(HIPE) foam, thus achieving the reuse of both the enzyme and the redox mediator. To do so, enzyme functionalized silica foams were immerged in 4 mL acetate buffer (100 mM, pH 5.7) containing 3 mM HBT. The mixture was then placed under vacuum in a desiccator overnight.

Finally, the material was washed three times with acetate buffer (100 mM, pH 5.7) to remove the excess HBT.

Towards RB-5 decolorization

Controls performed for immobilized LAC3 onto HCO@Si(HIPE) foam are shown in Fig. 2-10. In the absence of HBT, no RB5 decolorization activity is observed with either HCO@ Si(HIPE) or LAC3@HCO@Si(HIPE). In the presence of 1.5 mM HBT in solution, the decolorization efficiency reaches about 70% after 24 hours. With LAC3@HCO@Si(HIPE) pre-loaded with HBT, the decolorization efficiency is comparable, but more importantly, is stable over 3 cycles of reuse (nearly 70% decolorization was reached for each cycle). These results highlight a) that the presence of HBT is essential for RB5 decolorization and b) the method used for introducing HBT into LAC3@HCO@Si(HIPE) foam allow to keep an efficient catalyst for several cycles with no need for a replenishment in mediator. • HCO@Si(HIPE) alone; • LAC3@HCO@Si(HIPE) (8.2 mg g -1 ); • LAC3@HCO@Si(HIPE) (8.2 mg g -1 ) with 1.5mM HBT in solution • three successive 24 hour decolorization cycles for co-immobilized LAC3 and HBT. Flow rate: 3.0 mL min -1 .

An important aspect distinguishing heterogeneous from homogeneous catalysis is the recyclability of the catalyst [4,33]. After ten consecutive cycles of decolorization (24 h each) the LAC3@HCO@Si(HIPE) efficiency remains within 0.75 of the homogeneous catalyst performance (Fig. 2-11A). This result highlights the operational stability of the heterogeneous catalyst. Similar results were repeatedly obtained with foams loaded with different amounts of immobilized LAC3. On the other hand, comparing a specific activity (S.A., micromoles of decolorized RB5/min/mg of LAC3) averaged from four consecutive RB5 decolorization cycles (5 hours each) for different enzyme loads ranging from 4.9 mg g -1 to 34.3 mg g -1 , decolorization performance appears to increase up to 8.2 mg g -1 immobilized LAC3 (S.A. ≈ 1.4x10 -3 U mg -1 ) then rapidly decreases at higher loadings (Fig. 2-11B). This pattern could initially reflect an activation of laccase molecules by the carrier surface properties [34,35]. It is known that changing immobilization condition (enzyme concentration, pH, immobilization rate, ionic strength, additives, etc.) can affect the immobilized enzyme performance (activity, specificity or selectivity) [36]. Results observed for TLL, PFL and CALB lipases suggest that immobilization conditions can affect the final performance both in positive or negative way [35,37,38]. For example, slowing-down immobilization rate (compared to diffusion rate) of CALB reduces negative interactions between immobilized enzyme molecules by permitting a more homogeneous distribution in the pores. Therefore, covalent immobilization of LAC3 on the support can affect the observed enzyme behavior by mean of different factors like a stabilization of an active form of the enzyme or other factors related to the promotion of diffusional problems or partition of substrates or products. One possible explanation for LAC3 behavior (i.e. an "activation" followed by a "deactivation" seen in Fig. 2-11B) can arise from the enzyme crowding.

Increasing LAC3 load within our support can affect the distance between enzyme molecules so that enzyme-enzyme interaction may be affected. With a low load, distance between enzyme molecules may be large so that enzyme conformation is not optimal (predominantly affected by the interaction with the material surface); increasing enzyme load likely shorten enzyme-enzyme distances offering potential interactions resulting in the improvement of enzyme performance. Beyond this optimized load, distances between enzymes molecules may be too short thus altering enzyme behavior and in particular its efficiency. LAC3 volume was calculated to be roughly 65x55x45 Å 3 with a diameter of ca. 65 Å, a size perfectly suited for the porosity of the monoliths [39]. However, since the high surface area of the material is mostly describing its mesoporosity, it is conceivable that protein-protein interactions may affect catalysis in macropores.

Another important aspect of enzyme immobilization is the stability of the catalyst (Fig. 2-11A). Remarkably, the decolorization performance of the enzyme is found almost unaltered after an eleventh 24 hours cycle performed two months after the initial use of the LAC3@ HCO@Si(HIPE) * . Three extra 24h cycles were performed two months (cycle 12), eight months (cycle 13) and sixteen months later (cycle 14). A year and a half and 14 cycles of use after the first cycle, the performance of the LAC3@HCO@Si(HIPE) is still exhibiting more than 60 % of that of the first cycle (Fig. 2-11A). Comparison of the specific activity for four averaged five hours cycles operated with 4.9, 8.2, 19.8 and 34.3 mg g -1 immobilized laccase (S.A. for free enzyme towards RB5 decolorization is 5.3x10 -3 U mg -1 ). Flow rate: 3.0 mL min -1 .

Therefore, the LAC3@HCO@Si(HIPE) can be stored on a long-term basis with minimal loss of activity and recyclability, a property for which, to the best of our knowledge, no equivalent is found in literature. In literature, operational activity of immobilized laccases may range from 60 to 90 % of that of the starting material over 20 cycles and 3 months storage [40,41].

The closest examples are the Alternaria tenuissima laccase immobilized in Ca 2+ alginate beads reported to keep 84 % activity after 42 days storage [42], the Trametes pubescens laccase included in chitosan beads exhibited ≈ 40 % loss after 30 days storage [43], the Ganoderma cupreum laccase immobilized on amino-functionalized nanosilica that showed up 84 % operational activity after 60 days storage [44] and more recently the Trametes versicolor laccase immobilized onto magnetic metal organic framework that showed a long-term storage of 28 days with a retention of 88% of its initial activity [45].

To go beyond the simple observation on the activity/stability/reusability of LAC3 immobilized materials, we conducted several control experiments. As we mentioned before, after one year storage, the enzyme based catalyst still exhibited about 60% operational activity for RB5 decolorization (Fig. 2-11 A, LAC3@HCO@Si(HIPE) at 8.2 mg g -1 ). This activity remains almost unchanged after impregnation of the foam with a solution containing 3.0 mM of HBT in acetate buffer (Fig. 23456789101112). Therefore, the loss of activity is apparently not a consequence of a major loss of HBT over time and cycles as loading fresh HBT into the foam did not restore the initial activity. The progressive loss of decolorization activity in our reactor appears likely attributable to a progressive inactivation of the immobilized laccase. Oxidative damage, partial denaturation of the enzyme or mechanical constraints such as brittle particle walls cracks causing an alteration of the flow are potential causes for a loss of activity. After a long-term storage (four months) and multiple decolorization cycles (10 cycles), the integrity of the LAC3 immobilized foam was controlled by SEM. Compared to the SEM image of bare silica foams (Fig. 2-2), the typical hollow spherical aggregated structure of Si(HIPE) are found conserved and not affected by the presence of laccase and catalysis (Fig. 2345678910111213). This indicates that the synthesized silica foam is solid enough for continuous flow catalysis with no loss of its porous structure. Fig. 2-13 SEM (Scanning Electron Microscopy) images of LAC3@HCO@Si(HIPE) (8.2 mg g -1 ) after four months and 10 cycles of decolorization. Samples were dried overnight in an oven (80°C) prior to analysis.

Towards RBBR decolorization

In the previous section, LAC3@HCO@Si(HIPE) with a loading of 8.2 mg g -1 has been shown to exhibit the best specific activity towards RB5 azo dye decolorization. The catalytic efficiency of our catalyst was further tested with RBBR, a less hindered anthraquinonic dye (Fig. 23456789). As previously described, the LAC3@HCO@Si(HIPE) was soaked with HBT prior decolorization. With a substrate concentration of 50 mg L -1 , five consecutive cycles were performed. As shown in Fig. 234567891011121314A, the maximum efficiency we recorded towards RBBR is 80% after 24 hours decolorization. This efficiency is in the range obtained for the RB5 dye (70%). However, the specific activity (after 5 hours decolorization) calculated for this catalyst is estimated to be 2-times higher than the one observed for RB5 with a comparable enzyme loading (2.9x10 -3 U mg -1 vs 1.4x10 -3 U mg -1 for RBBR and RB5 respectively). This difference may origin from the nature of the dye (anthraquinonic vs azo) and/or from its structure (less hindered structure of lower molecular weight RBBR compared to RB5) [46]. On the other hand, this can be related to the different redox potentials of RB5 and RBBR. It has been reported that the redox potential for RB5 is around 0.77 V vs NHE [47], which is higher than that of RBBR (1.3 V vs CBD, namely 0.35 V vs NHE) [48]. It should be noted that the performance of LAC3@HCO@Si(HIPE) is found excellent for RBBR decolorization at least up to 5 consecutive cycles (Fig. 234567891011121314B). This confirms the robustness of this enzyme based heterogeneous catalyst. Fig. 234567891011121314. Kinetic traces for decolorization of RBBR (50 mg L -1 ) in acetate buffer (100 mM, pH 5.7) by LAC3@HCO@Si(HIPE) (8.2 mg g -1 ) for five consecutive cycles of decolorization. B. Reusability and stability with LAC3@HCO@Si(HIPE) towards RBBR decolorization. Flow rate: 3.0 mL min -1 .

Comparison of LAC3 with its UNIK variants

Variations of the orientation on the material surface can be means to modulate activity.

Grafting HCO@Si(HIPE) with the LAC3 variant UNIK157 exposes the substrate oxidation site (materialized by the T1 copper site in Fig. 2-1) to the material surface. To the contrary, grafting HCO@Si(HIPE) with either LAC3 or UNIK71 exposes the substrate oxidation center to the lumen of pores. On the other hand, with only one lysine available the variant UNIK71 offers a potentially less rigid alternative to LAC3 (K40, K71) for grafting. Below, the performance of immobilized LAC3 and UNIK variants were compared with enzyme loading, catalytic activity towards RB5 decolorization and stability.

UNIK variants loadings

Various UNIK variants concentrations, ranging from 50 mg L -1 to 2000 mg L -1 were used for impregnation onto HCO@Si(HIPE). The obtained bound enzymes increase as a function of initial concentration of enzymes (Fig. 23456789101112131415). As for LAC3, no saturation is observed within the selected concentration range (Fig. 234567) and the ratio of immobilized enzymes relative to the free enzyme initially present in the impregnation solution is not exceeding≈40% (Table S2, compare to Table S1). This suggests that the binding efficiency is here neither affected by the number of surface-accessible lysines nor by their location at the enzyme surface. 

Homogeneous activity for LAC3 and UNIK variants

Prior to the immobilization of UNIK variants, their homogeneous activity towards different substrates were evaluated and compared to these of LAC3. As shown in Table 2-3, for the different substrates tested, activities of the variants (UNIK71/UNIK157) are undistinguishable from those of the parental enzyme (LAC3) [17]. This makes it easy to explore the effect of enzyme immobilization. 

Towards RB-5 decolorization--immobilized LAC3 and UNIK variants

The HBT controls performed with immobilized UNIK71 and UNIK157 onto HCO@Si(HIPE)

foam show a similar behavior to that of immobilized LAC3 (Fig. S1, compare to Fig. 2345678910).

Similarly to LAC3, activity profiles for both UNIK71@HCO@Si(HIPE) and UNIK157@HCO @Si(HIPE) reaches a maximum between 5-10 mg of enzyme per g of foam with a decreased efficiency at higher loadings (Fig. 2345678910111213141516). However, different profiles are observed between LAC3 and the two variants. At their optimum load, while the S.A. of the UNIK71@HCO@ Si(HIPE) is found similar to that of the LAC3@HCO@Si(HIPE), the S.A. of the UNIK157@ HCO@Si(HIPE) appears to be ≈ 1.7 times lower. The difference in S.A. between UNIK71 and UNIK157 is even higher (ca. 4 times) at similar low loading (3-4 mg g -1 ). Therefore, in HBT mediated decolorization of RB5, the confinement of the substrate oxidation site at the interface with the foam surface through the functionalization of lysine 157 leads to a significant decrease of the activity of the enzyme. The similar S.A. of immobilized LAC3 and UNIK71

attests that the substrate oxidation site within both LAC3 and UNIK71 immobilized enzymes is similarly exposed to the pore lumen. However, the optimum is reached at a 2-times higher loading for LAC3 to UNIK71. This effect could reflect an active site rigidification as a consequence of a multiple point anchoring of the enzyme through its two lysines 40 and 71. 

Stability and reusability

The catalytic activity of UNIK71@HCO@Si(HIPE) and UNIK157@HCO@Si(HIPE) towards RB5 decolorization was evaluated with different loads for several consecutive cycles and/or after a period of storage (Fig. 234567891011121314151617). For UNIK71@HCO@Si(HIPE), at 3.3 mg g -1 of UNIK71, nearly 40% decolorization is obtained after 24 hours. At higher loads, the maximum decolorization efficiency reaches nearly 75% after 24 hours (Fig. 234567891011121314151617A). For each load, the catalytic activity appears to be stable for cycles which attests for a good reusability and stability of this enzyme. It is to note that, this catalyst (13.2 mg g -1 of UNIK71@HCO@ Si(HIPE)) is found to retain 67% of its initial activity after one year storage (Fig. 234567891011121314151617B).

For UNIK157@HCO@Si(HIPE), at the lowest load, decolorization appears 40% less efficient than with UNIK71@HCO@Si(HIPE). This difference tends to be attenuated as loads increases and is not observed anymore over 10 mg g -1 . On the other and, the stability of UNIK157@ HCO@Si(HIPE) is as remarkable as that of UNIK71@HCO@Si(HIPE) (62 % of initial activity after one year storage, (Fig. 234567891011121314151617D)). Globally, despite catalytic differences observed at lower loads, laccase variants possess very promising stability and reusability. Both UNIK71 @HCO@Si(HIPE) and UNIK157@HCO@Si(HIPE) with various enzyme loadings can be reused for several cycles and even after one year storage. The enzyme orientation affects the catalytic efficiency but not the stability. Indirectly, this highlights the gentleness of the methodology used for modifying the surface of the enzyme.

Fig. 2-17

Decolorization performance for RB5 by UNIK variants immobilized onto HCO@ Si(HIPE). A. Kinetic traces obtained for UNIK71@HCO@Si(HIPE) after several cycles of decolorization; B. Reusability and stability of UNIK71@HCO@Si(HIPE), after one year storage (*); C. Kinetic traces obtained for UNIK157@HCO@Si(HIPE) after several cycles of decolorization, D. Reusability and stability of UNIK157@HCO@Si(HIPE), one month storage (×) and after one year storage (*). Flow rate: 3.0 mL min -1 .

Confirmation of enzyme-support covalent bonds

We attributed the differences in S.A. seen Fig. 2-16 to opposite orientations of the T1 copper site relative to the silica foam consecutive to the covalent immobilization of LAC3 and its two variants. In order to consolidate this initial conclusion on the effect of the enzyme's orientation, it was important to evaluate the weight of an eventual contribution of any other non-covalent interactions (hydrophobic and anionic exchange) between enzyme and the glutaraldehyde activated support on the observed effect.

To do so, immobilization of LAC3 and its UNIK variants was challenged by an extensive washing of grafted foams in three steps: A) with a high ionic strength buffer (1M NaCl), B) with a detergent (1% Triton X100) and C) with a high ionic strength buffer/detergent solution after reduction with NaBH4. After each step (1h at 3 mL min -1 in a custom made circulation reactor), laccase concentration of the supernatant was measured with a Bradford assay (Table 2-4). Wash A leads to an initial 3%-6% loss of bound enzyme where after wash B and wash C processes no enzyme is detectable in the washing solution even after a concentration of supernatant solutions with ultrafiltration devices. Besides, testing activity towards RB5 decolorization after each washing step (Fig. 23456789101112131415161718) we find it maintains between to 95%-100%.

This means that all these treatments results in less than 5% loss of the initial enzyme activity.

Therefore, we consider immobilization of laccases (LAC3, UNIK71 and UNIK157) in HCO@ Si(HIPE) as occurring through stable covalent bonds. On the other hand, infrared spectroscopy was used to record the presence of a chemical bond (i.e. an imine bond) for laccase onto HCO@Si(HIPE), before and after several cycles of RB5 decolorization. In the case of LAC3@HCO@Si(HIPE) and UNIK71@HCO@Si(HIPE) the analysis was performed after 5 cycles of decolorization and after 8 cycles in the case of UNIK157@HCO@Si(HIPE). From spectra presented Fig. 2-19 it can be seen that the vibration at 1634 cm -1 characteristic of imine stretching bond remains present for all the analyzed samples which is in agreement for a stable covalent bond between the enzyme and the support glutaraldehyde activated material. 

Fig. 2-19

Infrared spectra of immobilized laccases onto HCO@Si(HIPE) before and after catalysis. The loading for LAC3, UNIK71 and UNIK157 is 8.2 mg g -1 , 13.2 mg g -1 , 11.5 mg g - 1 , respectively. Samples were dried overnight in an oven (80°C) prior to analysis.

Pre-functionalization of laccase and immobilization

We highlighted differences in activity between LAC3/UNIK71 and UNIK157 (Fig. 2345678910111213141516) and confirmed the predominance of a covalent binding of enzymes to the silica support (see section

2.3.4).

In order to exclude any bias linked to the Schiff-base reaction step in the presence of a potential excess of aldehyde functions (glutaraldehyde pre-functionalization) and further strengthen our conclusion on a possible effect of orientation of laccase on the Si(HIPE) support, we decided to control the number of surface lysine grafted with glutaraldehyde prior a postimmobilization onto silica foam. Since aldehyde functionalization of laccase can be quantified, this should ensure a better control on enzyme immobilization.

Laccase functionalization and quantification

It is well documented that glutaraldehyde is a cross-linking agent promoting intermolecular covalent bonds between enzyme molecules via a reaction with free amino groups of lysine residues. Taking advantage of this reactivity, LAC3 and its two variants UNIK71 and UNIK157 were independently covalently grafted with glutaraldehyde to produce the correspondent aldehyde functionalized enzymes LAC3-CHO, UNIK71-CHO and UNIK157-CHO respectively.

Taking into consideration that undesired polymeric species (at least dimers) of bi-or monofunctionalized enzyme could be obtained, a purification procedure was used to isolate and characterize the desired functionalized enzymes. Prior purification, time-course of the glutaraldehyde functionalization was followed by SDS-PAGE for the enzymes (Fig. 2

-20).

Under denaturing conditions, a single band with an apparent molecular weight of 84 kDa corresponding to that of our laccase is observed for each enzyme (lane c A, B and C gels).

Following-up the functionalization process for each enzyme over 72 hours, no change is observed. In the absence of additional bands (whether of higher or lower apparent Mw), we conclude that laccase integrity is preserved during the functionalization process and that neither detectable polymerization nor degradation into small peptides occurs. After desalting and buffer exchange (using ultrafiltration device), the efficiency of the functionalization was evaluated by making the ratio of the aldehyde function (quantified using a DNPH based colorimetric assay, see experimental chapter, 5.2) to the T1 Cu(II) site (A610 nm) of laccases. For all enzymes, a functionalization yield over 80% is calculated (Table 2345). Functionalized enzymes are recovered with a yield ca. 60 to 70 % which is reasonable for that type of functionalization. Specific activities towards ABTS for the functionalized enzymes (60-70 U mg -1 ) are found only slightly diminished as compared to those of nonfunctionalized laccases (80-100 U mg -1 ) (Table 2345). It should be noted that, despite LAC3 has two surface lysine (K70 and K40), the aldehyde quantification suggests that only one was functionalized in our conditions. Hence, for LAC3, a mixture of surface mono-functionalized (either K70 or K40), bi-functionalized (K70 and K40), crosslinked (between K70 and K40) and pristine laccase molecules could be formed during the process of reductive amination. This complex functionalization pattern is not suitable for discriminating an oriented immobilization.

For that reason, we decided not to use the functionalized LAC3 for a further evaluation of the effect of orientation. a Based on CuII T1 absorption (610nm = 5.6x10 3 M -1 cm -1 ) and compared with the initial enzyme concentration; b determined with the DNPH colorimetric assay; c Determined with the standard laccase assay in homogeneous conditions at pH 5.7.

Catalytic performance

UNIK71-CHO and UNIK157-CHO were subsequently immobilized onto the NH2@Si(HIPE)

and used for RB-5 decolorization. Specific activities for RB5 oxidation of UNIK71-CHO and UNIK157-CHO immobilized onto NH2@Si(HIPE) foams are reported in Table 2-6 (First two entries). With an enzyme load of 7-9 mg g -1 (Loading 2), S.A. of immobilized UNIK71-CHO (S.A.=1.15 x10 -3 U mg -1 ) is found to represent 2 times that of UNIK157-CHO (S.A. = 0.53 x10 - 3 U mg -1 ). With about half of this load (around 3-4 mg g -1 , Loading 1), S.A. of UNIK71-CHO (1.12 x10 -3 U mg -1 ) is found to be 4 times that of UNIK157-CHO (0.33 x10 -3 U mg -1 )

underlining a marked effect linked to the enzyme orientation.

Since a fresh functionalization of HCO@Si(HIPE) with UNIK71 or UNIK157 (one step Schiffbase) at similar loadings yield S.A. values comparable to that obtained with pre-functionalized enzymes (two steps, reductive amination followed by Schiff base) (Table 2-6), we conclude that in both cases all lysines are involved in the grafting. Hence, with this second functionalization method, we obtain a confirmation of the influence of the orientation of the enzyme at the silica matrix surface on its activity. Si(HIPE), method being reductive amination with Schiff base; or enzyme immobilized onto HCO@Si(HIPE), method being one step Schiff base after 3 consecutive cycles.

Besides, both UNIK71-CHO@NH2@Si(HIPE) and UNIK157-CHO@NH2@Si(HIPE) have good stability and reusability (Fig. 23456789101112131415161718192021). A comparable activity with the first cycle is obtained after 3 consecutive cycles. ) by Enzyme-CHO variants immobilized onto NH2@Si(HIPE) in acetate buffer (100 mM, pH 5.7). Loading for UNIK71-CHO is 7.8 mg g -1 , for UNIK157-CHO is 8.6 mg g -1 . Flow rate: 3.0 mL min -1 .

Effect of the pH on UNIK variants activity

Best-performing at acidic pH, laccases are known to be rapidly inhibited when hydroxyl ions accumulate (i.e. as pH increases). In order to evaluate the influence of the immobilization as well as that of the orientation of the enzyme on the pH tolerance of UNIK variants, pH dependent activities were recorded using ABTS as colorimetric substrate (ABTS is known to be stable at 4.0 < pH < 11.0) (Fig. 2-22). [ABTS] = 2.5 mM. Free UNIK71, UNIK157, UNIK71@ HCO@Si(HIPE) (1.3 and 6.3 mg g -1 ) and UNIK157@HCO@Si(HIPE) (4.1 and 7.3 mg g -1 ). Average of three independent measurements. Flow rate: 3.0 mL min -1 .

Specific activities (ABTS oxidation) of our immobilized enzymes (LAC3 and its variants UNIK71 and UNIK157) are significantly lower than those of their homogeneous counterparts (see Table 2-3). Therefore, only relative activities are compared between homogenous and heterogenous ABTS oxidation. As expected from previous reports on laccase, the efficiency of free enzymes towards ABTS decrease rapidly as pH increased (activity at pH 6.0 < 20 % of that at pH 4.0). However, immobilized on the silica matrix, the two UNIK enzymes appear to be substantially less sensitive to pH variations than in their free forms. For example, at pH 6.5, the relative activity of immobilized enzymes appears ≈ 4-times that of their free counterparts. Remarkably, at pH 7.0 whereas the free UNIK enzymes are not anymore active, their immobilized versions still bore more than 50 % of their initial activity (Fig. 2-22A). This modification of the "pH behavior" of our laccases after immobilization could result from local pH variations assuming the support behaves as a "solid" buffer maintaining inside the pores a pH different from that of the reaction medium [36,49]. As expected, UNIK71@HCO@ Si(HIPE) is constantly ≈ two times more active than UNIK157@HCO@Si(HIPE) whatever the pH is (Fig. 2-22B), suggesting that the pH dependent inhibition is not influenced by the orientation of the enzyme at the surface of the material. This is consistent with a binding of hydroxyl ions to a Cu(II) trinuclear cluster that is deeply embedded within the protein matrix [50].

O2-dependant consumption of UNIK variants

The orientation-dependent modifications in the kinetics of immobilized enzymes illustrated above suggested that laccase oxidation capabilities could be differently affected depending on the nature of the substrate. In order to document on a potential acquisition of (chemo) selectivity of the substrate oxidation T1 copper site at the matrix surface, activities of UNIK71 @HCO@Si(HIPE) and UNIK157@HCO@Si(HIPE) were evaluated with two substrates, ABTS and ascorbate, very different in size and physio-chemical properties (Fig. 23456789). In order to be in similar experimental conditions for both substrates we choose to perform dioxygen consumption measurements for this comparison assuming that no additional effect would occur at the dioxygen reduction site (TNC). Substantially, ascorbate dependent O2consumption of UNIK71@HCO@Si(HIPE) and UNIK157@HCO@Si(HIPE) are found similar (9.2 ± 0.1 M min -1 vs 8.6 ± 0.1 M min -1 respectively) (Fig. 2-23A) whereas a two-fold difference is observed in kinetics as ascorbate was replaced by ABTS (Fig. 2-23B) (15.3 ± 0.2 M min -1 vs 7.2 ± 0.2 M min -1 respectively). This latter result is consistent with a 2-fold difference in S.A. for ABTS oxidation (0.27 and 0.13 U mg -1 for UNIK71@HCO@ Si(HIPE) and UNIK157@HCO@Si(HIPE) respectively) we observe with foams with low loads of enzyme. Note that in homogenous conditions S.A. on ABTS are very similar for UNIK71 and UNIK157 (see Table 2-3). Therefore, unlike ascorbate, the size and properties of which allow it not to be gated by the foam/enzyme interface, ABTS oxidation is likely hampered by the steric hinderance created at the interface of the enzyme and material. These results highlight the fact that the choice of the substrate is crucial in the evaluation of the activity of immobilized in two opposite enzyme orientations. More importantly, this is an evidence for an acquisition of selectivity for the non-selective laccase.

Fig. 2-23

Dioxygen consumption as function of substrate for UNIK71@HCO@Si(HIPE) (6.3 mg g -1 ) and UNIK157@HCO@Si(HIPE) (7.3 mg g -1 ). A: Ascorbic acid oxidation: 100 mM in acetate buffer (100 mM, pH 5.7); B. ABTS oxidation: 2.5 mM ABTS solution in acetate buffer (100 mM, pH 5.7). The flow rate set at 3 mL min -1 for each experiment. Average of three independent measurements. Flow rate: 3.0 mL min -1 .

Conclusion

In this chapter, LAC3 and its two variants, UNIK71 and UNIK157 were successfully immobilized onto functionalized Si(HIPE) foams through covalent bonding reaction. Based on the results of RB5 decolorization, all the enzyme based catalysts we constructed exhibit excellent stability and reusability as the 60 % of operational activity of LAC3 remaining after 12 consecutive cycles and one-year storage shows. More, we have shown that the catalytic efficiency of the heterogenous catalyst can be modulated by the orientation of the enzyme at the matrix' surface, through the choice of a single surface grafting point on the enzyme. Thus, whereas the "exposed" conformation (immobilized LAC3 or UNIK71), where the substrate oxidation site is exposed to the lumen of the monolith's pores is globally beneficial to catalytic performance, the "hidden" conformation favor a form of selectivity, opening the way for future modulations of the interface. Additionally, the biocatalysts are significantly more tolerant to pH variations than their free enzyme counterparts, a property largely due to the buffering of the silica matrix and that is not influenced by enzyme orientation.

Scheme 2-3 Two enzyme orientations explained in this study.

All together, we have obtained a stable enzyme-based heterogeneous catalyst, using glutaraldehyde as a cross-linker for covalent bonding. The distance between the enzyme active site and the material surface can be tuned for a modulation of the catalytic performance toward different substrates (e.g. RB5, RBBR, ABTS and Ascorbic acid). Based on this preliminary study, we constructed a supported hybrid system, consisting in the enzyme laccase and a palladium complex entrapped into a silica foam for an efficient aerobic oxidation of alcohol.

The synthesis of biquinoline ligand-based palladium complex with two graftable moieties as aldehyde arms of variable length, the strategies for the co-immobilization of laccase and Pd as well as their catalytic activity are presented in chapter 3. 

Introduction

The development of methods for benign aerobic oxidation is at the heart of the challenges of tomorrow. As we mentioned in the bibliographic introduction, the combination of metal and enzyme activity to perform aerobic oxidation catalysis under mild experimental conditions is now being explored. The construction of heterogeneous catalysts is a way to expand the application of artificial metalloenzymes.

In this chapter, we describe the co-immobilization of a Pd-based catalyst and a robust laccase on NH2@Si(HIPE) foam through different immobilization strategies to perform safe dioxygen reduction into water in a cooperative mode. By immobilizing both the metal and the biocatalyst into the same cavity of a macroporous support, it is possible to create a "local reactor" where catalytic species can work in close vicinity and high cooperativity. Our objective was to evaluate the influence of catalysts' orientations into the foam by targeting the specific covalent grafting of Pd complexes relative to that of laccases LAC3, UNIK71 or UNIK157 to the support.

As stated in chapter 2, native LAC3 and its variants, UNIK71 and UNIK157 are different in terms of the number and location of surface lysine relative to the T1 copper site. This differences lead to two opposite orientations after immobilization, affecting the final activity. Furthermore, we have shown that enzyme loads affected the enzyme performances. Therefore, to reach an efficient co-immobilization of the Pd(II) complex and the laccase, it is quite meaningful to consider organizing these objects within the foam and understand the effect of their orientation relative to each other to obtain optimum catalytic performances. With this in mind, we focused on the distance between the Pd site and the T1 copper site of the enzyme by modulating the size of the connecting arm (link) between the complex and the enzyme.

The first part of this chapter is dedicated to the synthesis and characterization of the Pd(II) biquinoline based complexes used in this study. This is followed by the description of the covalent functionalization and characterization of two laccases variants UNIK157 and UNIK71 with complex 2. The catalytic activity of these hybrid systems are compared to their parental native enzymes in terms of activity (ABTS oxidation). This part ends with a description of the different combinations used for the immobilization: complex 1 st then enzyme, enzyme 1 st then complex or Pd/laccase hybrids catalyst. The second part of this chapter is dedicated to the analysis of the catalytic performances of the aforementioned heterogeneous catalysts towards veratryl alcohol oxidation.

Results and discussion

3.I.1 Palladium complexes synthesis and characterization

It has been demonstrated in our laboratory that the combination of a water soluble biquinoline Pd(II) complex (complex 1) with laccase can improve the catalytic efficiency of this complex toward the aerobic oxidation of alcohol under mild conditions [1]. Inspired by this work, we first designed a new biquinoline based Pd(II) complex (complex 2) with two graftable aldehyde groups the synthesis of which is described in Scheme 3-Ⅰ-1. This complex was obtained in good yield and the elemental analysis for this new complex was in good agreement with the proposed composition. Structural assignments were supported by the 1 H NMR spectra (obtained in CDCl3 at room temperature). In particular, the signals of H5, 5' and H2, 2' at 9.18 and 8.72 ppm in Fig. 3-Ⅰ-1 correspond to a downfield shift of 0.40 ppm as compared to those observed in the same region at 8.78 and 8.32 ppm for the ligand. This large de-shielding supports the coordination of palladium to the ligand [2]. Besides the signal for the aldehyde proton, integrated signals agree with the number of different types of protons present in the Pd(II) complex. The unusual integration for the aldehyde proton maybe due to its presence in the form of geminal diol. The full 1 H NMR spectra are listed in the supplementary information. The electronic absorption spectrum of the complex 2 in DMSO is shown in Fig. 3-Ⅰ-2A. Two absorption bands are observed at 270 nm and 340 nm. By comparison to other described Pd(II) biquinoline complexes, the absorbance at 340 nm (ε340nm = 2.7x10 4 M -1 cm -1 ) can be assigned to a metal ligand charge transfer transition (MLCT) from palladium d-orbitals to the π* orbital of biquinoline ligand. The absorbance at 270 nm can be assigned to an internal π-π* transition of biquinoline ligand [2,3].

Fig. 3-Ⅰ-2B

shows the infrared (IR) spectrum of the complex 2, the intense peak at 1720 cm -1 is assigned to C=O stretching for the aldehyde group in the ligand. The peaks at 1580-1515 cm -1 are assigned to (C=C) and (C=N) and peaks at 1150, 1014, 890 and 760 cm -1 are assigned to (C-H), respectively. Additional support for the formation of the Pd(II) complex is provided by the existence of weak intensity band at 530 cm -1 , which is attributed to the formation of Pd-N in the complex. Moreover, there is one peak at 330 cm -1 from (Pd-Cl), which confirms the presence of palladium [4,5]. Slow diffusion of diethyl ether into a saturated complex 2 solution in CH2Cl2 afforded crystal suitable for X-ray analysis. The crystal parameters and details of structure refinements for complex 2 are presented in Table 3-Ⅰ-1. Complex 2 crystallizes in a triclinic (space group, P-1) crystal system. The asymmetric unit of the complex consists of one crystallo-graphically independent molecule which contains one Pd(II) atom, one biquinoline ligand and two Cl anions. A labeled diagram of complex 2 is presented in Fig. 3-Ⅰ-3. The central Pd(II) ion is four-coordinated in a distorted square-planar environment by the two N atoms from the chelating 2,2'-biquinoline ligand and two Cl anions. This structure is comparable with the reported (2,2'-biquinoline-N,N') dichloro-palladium(II), [PdCl2(C18H12N2)] complex [6]. Also, this crystal exhibits an aldehyde disorder for one of the two aldehyde moieties. There are two conformations in this crystal with a ratio of 60/40. The other aldehyde maybe stabilized by the hydrogen bond with chlorides [7]. In order to modulate the distance between the enzyme active copper site and the palladium site directly, two Pd(II) complexes, complex 3 and 4, differing by the length of the functional group at the carboxyl moiety were synthesized following the same procedure as for complex 2. The ligand for complex 3 contains only two methylene groups whereas that for complex 4 contains four methylene groups (Scheme 3-Ⅰ-2). Complexes 3 and 4 were obtained in good yields and fully characterized. Detailed analysis ( 1 H NMR, FT-IR and UV/Vis spectra) are available in the supplementary information. However, no crystallographic structure was obtained for these complexes after several trials. 

3.I.2 Enzyme functionalization and characterization

The chemical modification of laccases LAC3 and its UNIK variants was adapted from the procedure described by McFarland and Francis [8]. Primary amino groups at the surface of proteins reacts with aldehyde-containing molecules using a reductive alkylation reaction in the presence of an Iridium catalyst. In the previous works of our group, UNIK variants have been successful functionalized with molecules like pyrene [9], ruthenium complexes [10] or 4-ethynylbenzaldehyde [11]. Also, as mentioned in chapter 2, independent glutaraldehyde functionalization of UNIK71 and UNIK157 was successfully performed using this protocol (see chapter 2, section 2.3.5). As checked in many occasions, after this mild functionalization process enzyme activity is almost fully maintained (maximum loss ≤ 30%).

In a first instance, the two UNIK variants UNIK71 and UNIK157 were independently covalently grafted to the bi-functionalized complex 2 to produce a Pd(II) complex functionalized enzyme bearing an aldehyde moiety available for post grafting. These modified enzymes (hybrid) were labelled 2⊂UNIK71 and 2⊂UNIK157 respectively. Modified enzymes were characterized, in particular for the presence of Pd in the functionalized enzymes.

Taking into consideration that undesired polymeric species, trimers or dimers of bi-or monofunctionalized enzyme could be obtained because complex 2 is a bi-aldehyde complex, the Pd(II) complex functionalization was analyzed by SDS-PAGE for both enzymes (Fig. 34)

in order to decide for a purification that could be necessary to isolate the desired functionalized enzymes. Under denaturing conditions, a single band with an apparent molecular weight (Mw) of 84 kDa corresponding to the molecular weight expected for our laccase is observed (lane C). Aliquots of enzymes were taken during the time course of functionalization over 72 hours.

As shown in the gel, no additional band is observable attesting that apparently no modification/ deterioration/oligomerization occurred during the process of functionalization. Furthermore, it seems that there is no enzyme loss (based on the intensity of bands) due to the chemical modification, which is consistent with the amount of enzyme recovered after reaction (recovery rate> 85%, Table 3-I-2). Therefore, this analysis reveals that neither the formation of polymeric species nor an important loss of protein occurred during the modification. The efficiency of the functionalization was evaluated from the ratio of the relative absorbance of the complex 2 (ε340nm = 2.7x10 4 M -1 cm -1 ) to that of the enzyme (ε610nm = 5.6x10 3 M -1 cm -1 )

and further confirmed by analyzing the metal content (Cu, Pd) of the grafted enzymes by ICP-MS. The [Pd]/[T1 Cu(Ⅱ)] ratio in 2⊂UNIK71 and 2⊂UNIK157 is determined to be 1.1 (Table

3-Ⅰ-2).

The amount of recovered modified enzyme was calculated based on the absorbance at 610 nm (610nm = 5.6x10 3 M -1 cm -1 ). Both Pd functionalized enzymes are recovered with a 85 to 90 % yield (Table 3-Ⅰ-2). Specific activities (S. A. determined using ABTS as substrate in acetate buffer 100mM, pH 5.7) are found to be 84 U mg -1 and 70 U mg -1 respectively for 2⊂UNIK71 and 2⊂UNIK157. These values are comparable with that obtained for the nonmodified enzymes UNIK71 (104 U mg -1 ) and UNIK157 (83 U mg -1 ) (Table 3-Ⅰ-2). a Based on Cu(II) T1 absorption (610nm = 5.6x10 3 M -1 cm -1 ) and compared with the initial enzyme concentration; b Determined with colorimetric assay and ICP-MS; c Determined with the standard laccase assay (ABTS substrate, pH 5.7) in homogeneous conditions

The N-terminal amino acid sequence of the modified enzyme was challenged to check for a blocked sequence that may be the consequence of a potential alkylation of the N-terminus during the functionalization. Several rounds of Edman degradation were obtained on both 2⊂UNIK71 and 2⊂UNIK157 attesting that the N-terminal amine of our modified enzyme was actually free of Pd complex. Previous data obtained in our laboratory on laccase functionalized with Ru complex [10] help to identify the primary amine group of unique surface-accessible lysine residues as location for the grafted object. Altogether, the above considerations support the conclusion that reductive alkylation of UNIK variants is ensuring a single functionalization of the laccase surface.

ESR spectra of the initial (UNIK71 and UNIK157) and the modified enzymes (2⊂UNIK71 and 2⊂UNIK157) were recorded. Before functionalization, the spectra display the characteristic signals of the Cu(II) ions of the enzyme for both UNIK variants (Fig. 3456): the T1 Cu(II) ion signal is modeled with the parameters g∥=2.20, A∥=86 G, and g⊥= 2.04, and the T2 Cu(II)

with the parameters g∥= 2.28 and A∥= 138 G. All these parameters are similar to those previously reported for LAC3 [12]. The line shape of ESR spectra for 2⊂UNIK71 and 2⊂

UNIK157 are quite similar with their respective initial enzymes. The characteristic signals of Cu(II) ions of laccase are displayed in both spectra with comparable sets of parameters (Table 3-Ⅰ-3). Therefore, the magnetic features of laccase are obviously not influenced by the surface lysine modification process. 

3.I.3 Palladium particles immobilization and characterization

Backwall et al. have used a co-immobilization of a lipase and palladium nanoparticles as heterogenous catalyst for dynamic kinetic resolution (DKR) of a primary amine with excellent enantioselectivity and reusability [13]. Inspired by this work, we wanted to know about a potential synergy between a laccase and Pd nanoparticles upon their co-immobilization. The immobilization of Pd nanoparticles in the pores of NH2@Si(HIPE) was carried out by a typical route developed by the Backwall group [14] (see experimental chapter, section 7.3). Here, the NH2@Si(HIPE) foam is the same as the one used in chapter 2 the synthesis details of which can be found in the experimental chapter, section 2.2.

Energy-dispersive X-ray (EDX) spectroscopy was used to determine elemental compositions of the PdNPs@NH2@Si(HIPE) nanocomposite. As shown in Fig. 34567, the peaks for elements C, O, Si and Pd are clearly observed in the EDX spectrum at different energy. The presence of Pd atom verifies the successful immobilization of Pd nanoparticles onto NH2@Si(HIPE) foam.

Quantification of Pd content by ICP-MS shows a final loading amount of 0.4-0.6 mmol of Pd per g foam. This analysis indicates that the weight percentage of Pd in this catalyst is 6.3%, which is comparable to that reported in the Backwall group (8.25%) [14].

Fig. 3-I-7 EDX spectrum of PdNPs@NH2@Si(HIPE) nanocomposite.

3.I.4 Complex 2 immobilization

Considering the solubility of complex 2 in organic solvent, pure DMSO was used as solvent for immobilization with initial concentration of complexes ranging from 100 μM to 4000 μM.

The Pd loading was calculated based on the concentration difference in the solution before and after impregnation.

The evolution of Pd loading as a function of Pd initial concentration in the impregnation solution is shown in Fig. 3-Ⅰ-8. The amount of bound complex 2 increases linearly without apparent saturation for the tested concentration range. The maximum Pd loads reaches ~35 μmol g -1 with an initial concentration of 4000 μmol L -1 . The immobilization yield (bound 2 amount/initial 2 amount) ranges around 15% -20% (Table S3). As the diameter of complex 2 is estimated to 10 Å based on X ray analysis (Table 3-Ⅰ-1) there is no limitation for its entrance into the macro/mesopores of Si(HIPE). FT-IR spectra for the 2@NH2@Si(HIPE) foam and the starting material, NH2@Si(HIPE) are shown in Fig. 3-Ⅰ-9. The C-H stretching vibrations appearing at 2925 cm -1 is a proof of the successful modification of silica foam using APTES [15]. The weak peak at 1720 cm -1 is assigned to the C=O stretching from the aldehyde group in complex 2. Also, the presence of aromatic rings in complex 2 is identified by their characteristic ring vibrations at 1500-1400 cm -1 , 1200-1000 cm -1 and 900-700 cm -1 regions [16]. All these characteristic features support the successful immobilization of complex 2 within the silica foam.

Fig. 3-I-9 FT-IR spectra of (a) NH2@Si(HIPE), (b) 2@NH2@Si(HIPE). Loading for Pd is 35.2 μmol of complex 2 per g of foam. Samples were dried overnight in an oven (80°C) prior to analysis.

3.I.5 Immobilization strategies and characterization of hybrid catalysts

As shown in Chapter 2, LAC3 and its variants (UNIK71 and UNIK157) were successfully immobilized onto low glutaraldehyde (0.625%, wt.%) activated Si(HIPE) foam. The enzymebased heterogeneous catalyst exhibited promising stability and reusability. More importantly,

we have shown that it is possible to tune enzyme activity by varying the enzyme loading and enzyme orientation towards foam. Therefore, immobilizing both the enzyme and the Pd(II) complex in the same cavity of silica foam, would require not only to focus on the synergy between these two catalysts but also explore the organization and orientation of the enzyme relative to both the Pd and the carrier. For this purpose, we envisaged to test three methods of covalent immobilization differing in the order of immobilization of Pd(II) complex and laccase (Scheme 3-Ⅰ-3). Whatever the method used, we expected that the load and the organization of the catalyst may affect catalysis.

Method A

In a first approach of the co-immobilization of Pd and laccase we choose to immobilize the Pd(II) complex first (Method A). As studied earlier (section 3.I.4), high loads can be reached because of the high solubility of complex 2 in organic solvent. Consequently, different ratios of complex 2 vs laccase can be obtained. This is helpful to study the effect of palladium loads on the final catalytic activity.

The detailed procedure of co-immobilization can be found in the experimental chapter. Briefly, complex 2 was immobilized on the foam NH2@Si(HIPE) as earlier described (section 3.I.4).

After extensive washing with DMSO, glutaraldehyde 0.625% (wt.%) was added to the foam prior to enzyme post-functionalization. In this case, enzyme can react either with the aldehyde moiety of the complex 2 or that of a glutaraldehyde unit, thus leading to a combination of enzyme/carrier or enzyme/complex 2 grafts (Scheme 3-I-3). Neither the amount of complex 2 around laccase nor distances enzyme/carrier or enzyme/complex 2 are controlled. As reported previously in Table 3-Ⅰ-1, the volume of complex 2 is 1318.93 Å 3 , which is small as compared to the calculated volume of LAC3 (roughly 65 × 55 × 45 Å 3 ). The order of method A allows an easy access to -NH2 functions of the cavity for the complex 2. To the contrary, difficulties of access may arise for the enzyme due to the presence of Pd occupying the cavity of the foam.

The five loadings of complex 2 we tested are shown in Fig. 3-I-8 (Table S3). We started from ~10 mg g -1 for LAC3, a loading at which best activity performances had been earlier obtained (chapter 2, section 2.3.2). In these conditions, the ratio between immobilized complex 2 and LAC3 ranges from 6 to ≈ 300 (Fig 3-Ⅰ-10, Table S4).

Fig. 3-I-10

Evolution of the ratio between complex 2 and LAC3 in the supported hybrid catalyst using method A.

The SEM image of the LAC3/2@NH2@Si(HIPE) is shown in Fig. 3-Ⅰ and laccase. As previously stated, the immobilization process does not affect the pore structure of silica foams. However, it was not possible to get EDX for the visualization of Cu or Pd because loadings are below the detection limit (0.1%).

Fig. 3-I-11 SEM of LAC3/2@NH2@Si(HIPE), loading for 2 is 35.2 μmol g -1 and for LAC3 is 10.8 mg g -1 . Red arrow: intra-wall pore opening (internal junctions); green arrow: poreopening from the hollow sphere aggregation (external junction).The sample was dried in an oven at 80 ℃ overnight prior to analysis.

We decided to study the co-immobilization of UNIK71 and UNIK157 with two loadings of complex 2: 1.2 μmol g -1 and 7.9 μmol g -1 . To obtain a ratio of 2/enzyme similar to that was previously obtained for LAC3, the loading of UNIKs was set around 15-20 mg g -1 . Ratios complex 2 vs UNIKs were then 5 and 40 (Table S5).

The FT-IR spectra of LAC3/2@NH2@Si(HIPE), UNIK71/2@NH2@Si(HIPE) and UNIK157/2 @NH2@Si(HIPE) are shown in Fig. 3-Ⅰ-12. Compared to the spectrum of NH2@Si(HIPE), both supported catalysts exhibit an increased (C=N) stretch at 1637 cm -1 , which indicates the chemical formation between NH2@Si(HIPE) foam and the aldehyde moiety in complex 2, but also the reaction between enzyme and the glutaraldehyde modified foam [16]. Another weak peak at 1720 cm -1 is assigned to C=O stretching from complex 2, attesting for the successful immobilization of Pd directly. Besides, the new peak at around 1540 cm -1 can be assigned to the amide II band from laccase [17]. As reported, a protein peptide bond is an amide group (-CO-NH-) and the characteristic peaks at (1470-1570 cm -1 ) in IR spectrum corresponds to amide II [18]. All these information confirm the effectiveness of this two-step immobilization of Pd and enzyme for supported hybrid catalysts.

Fig. 3-I-12

FT-IR spectra of (a) NH2@Si(HIPE); (b) LAC3/2@NH2@Si(HIPE), loading: LAC3 (10.9 mg g -1 )/2 (12.9 μmol g -1 ); (c) UNIK71/2@NH2@Si(HIPE), loading: UNIK71(16.4 mg g -1 )/ 2 (7.9 μmol g -1 ); (d) UNIK157/2@NH2@Si(HIPE), loading: UNIK157 (17.8 mg g -1 )/2 (7.9 μmol g -1 ). The samples were dried in an oven at 80 ℃ overnight prior to analysis.

Method B

Method B consisted of performing first the immobilization of a glutaraldehyde-modified enzyme before grafting complex 2 to the foam. Here, only laccase variants with one accessible surface lysine, UNIK71 and UNIK157 were studied since unlike LAC3 there is only one possible surface modification with glutaraldehyde (see chapter 2, 2.3.5). The functionalization and the characterization of these two modified enzymes designed UNIK71-CHO and UNIK157-CHO were described in chapter 2 (section 2.3.5). After the Enzyme-CHO immobilization, the remaining amine groups in the carrier were further used for complex 2 grafting. With this method, laccase and complex 2 are independently grafted to the carrier and there is no possibility of grafting a Pd/laccase hybrid as this could be the case with method A (Scheme 3-I-3). In addition, it is possible here to tune enzyme loading to reach an optimum activity prior to envisage the complex 2 immobilization. On the other hand, due to the low solubility of the complex 2 in PBS buffer, it is not possible to reach initial concentration of complex 2 over 100 μM. Consequently, the amount of complex 2 around laccase is difficult to modulate.

Distances between enzyme/carrier or enzyme/complex 2 are not controlled.

Loadings of Enzyme-CHO and complex 2 from immobilization method B are shown in Fig.

3-Ⅰ-17.

Increasing the initial concentration of UNIK71-CHO and UNIK157-CHO between 500 mg L -1 and 2000 mg L -1 leads to loads from 15 to 50 mg of enzyme per g of NH2@Si(HIPE) foam (Fig. 3-Ⅰ-13 A). Immobilization yields (45-50%) are in the same range as that obtained in Chapter 2 (section 2.3.3). Furthermore, no difference is observed between the two variants.

Two initial concentrations of complex 2 (20 and 100 μM) were used for Pd immobilization, leading to approximately 0.5 and 2.0 μmol of Pd per g of foam (Fig. 3-Ⅰ-13 B). Despite different enzyme amounts bound to the silica foam before Pd immobilization, complex 2 is found to bind the foam quite similarly (Fig. 3-Ⅰ-13 B, #1/#2/#3). This suggests that there was no access limitation for these two catalysts (i.e. the enzyme and complex 2 into the macro/ meso pores. Immobilization yields for complex 2 ranges between 30% to 40%. Finally, the ratio 2 vs Enzyme-CHO can be studied from 1.5 to 15.0.

Fig. 3-I-13

Catalyst loadings for the two-step immobilization (method B). A: loading of UNIK71-CHO and UNIK157-CHO on NH2@Si(HIPE); B: loading of complex 2 on Enzyme-CHO@NH2@Si(HIPE). Assays #1, #2, #3: initial [2] is 100μM; assay #4: initial [2] is 20 μM. All loadings are the average of two batches of immobilization. Ratio 2 vs laccase is based on the molar amount of immobilized two catalysts (details in Table S6).

The SEM image of the foam after catalyst immobilization with method B, 2/UNIK157-CHO@ NH2@Si(HIPE) is shown in Fig. 3-Ⅰ-14. Similarly to method A, the immobilization method B appears harmless for the pore structure.

Fig. 3-I-14 SEM of 2/UNIK157-CHO@NH2@Si(HIPE), loading for UNIK157-CHO is 32.3 mg g -1 and for 2 is 1.8 μmol g -1 . Red arrow: intra-wall pore opening (internal junctions); green arrow: pore-opening from the hollow sphere aggregation (external junction). The sample was dried in an oven at 80 ℃ overnight prior to analysis.

The FT-IR spectra of the catalysts 2/UNIK71-CHO@NH2@Si(HIPE) and 2/UNIK157-CHO@ NH2@Si(HIPE) was performed (Fig. 3456789101112131415). As already seen earlier (Fig. 3456789101112), all the characteristic bands at 1637 cm -1 (C=N stretch), 1540 cm -1 (amide II band) and 1720 cm -1

(C=O stretching) are also observed in the immobilized catalysts from method B (compared to NH2@Si(HIPE), Fig. 3-Ⅰ-15), confirming the successful catalysts immobilization. Thus, no matter which method used, the immobilization of complex 2 and laccase is effective.

Fig. 3-I-15

FT-IR spectra of (a) NH2@Si(HIPE) (b) 2/UNIK71-CHO@NH2@Si(HIPE), loading for UNIK71-CHO is 32.6 mg g -1 and for 2 is 1.8 μmol g -1 ; (c) 2/UNIK157-CHO@NH2 @Si(HIPE), loading for UNIK157-CHO is 32.3 mg g -1 and for 2 is 1.8 μmol g -1 . Samples were dried in an oven at 80 ℃ overnight before analysis.

Fig. 3-I-17 SEM of 2⊂UNIK157@NH2@Si(HIPE). Loading for the hybrid catalyst is around 100 mg of hybrid per g of foam. Red arrow: intra-wall pore opening (internal junctions); green arrow: pore-opening from the hollow sphere aggregation (external junction).The sample was dried in an oven at 80 ℃ overnight prior to analysis.

The FT-IR spectra of the NH2@Si(HIPE), 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@ NH2@Si(HIPE) are shown in Fig. 3456789101112131415161718. The peak at 1637 cm -1 (C=N stretch) and that around 1540 cm -1 (amide II band) confirms the presence of laccase in the catalyst. The peak at 1720 cm -1 (C=O) is hardly seen due to the relative low amount complex 2 in the foam.

Fig. 3-I-18

FT-IR spectra of (a) NH2@Si(HIPE) (b) 2⊂UNIK71@NH2@Si(HIPE) and (c) 2⊂UNIK157@NH2@Si(HIPE). Loading for the hybrid catalyst is around 100 mg of hybrid per g of foam. The samples were dried in an oven at 80 ℃ overnight prior to analysis.

As seen in chapter 2 (section 2.1), solid-state NMR is a powerful tool to characterize solid biocatalyst system at the molecular level [19]. Therefore, 2⊂UNIK157@NH2@Si(HIPE) and 2⊂UNIK157@NH2@Si(HIPE) were analyzed by CP-MAS and MAS (Fig. 345678910111213141516171819). Compared to the spectrum of bare Si(HIPE) (see chapter 2, Fig. 2345), spectra of the two supported hybrid catalysts hold signals at -65 ppm (T3) and -57 ppm (T2), testifying the surface functionalization of the silica foam. The quantification details are summarized in Table S8. The ratio of Q 2,3 /Q 4 decreases from 0.42 for the Si(HIPE) (see chapter 2, Table 2-1) to 0.29 for the supported hybrid catalyst, providing more evidence of the grafting of RSi(OEt)3 fragments on the Q3 (and Q2) species. The T type sites are quantified as 8 % of the silicon atoms for 2⊂UNIK157@ NH2@Si(HIPE) and 2⊂UNIK157@NH2@Si(HIPE). The two supported hybrid catalysts are indistinguishable regarding their local Si environment.

Fig. 3-I-19 29 Si solid NMR spectra of 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@NH2@ Si(HIPE). Loading for the hybrid is around 100 mg of hybrid per g of foam. The samples were dried in an oven at 80 ℃ overnight prior to analysis.

Besides, the 13 C CP MAS NMR spectrum of both NH2@Si(HIPE) and 2⊂UNIK157@NH2@ Si(HIPE) is shown in Fig. 3-Ⅰ-20. Peaks at 9.5 nm, 21.3 nm, and 42.5 nm can be assigned to the carbon from APTES, which give directly evidence for the efficient functionalization of silica foam. Since the amine functional group of the inorganic moiety is in excess, almost no change of signals in the range of 0 ppm to 50 ppm are observable after the immobilization of the hybrid catalyst. However, the immobilization of the hybrid catalyst is confirmed by the presence of a new signal around 172 nm that was previously shown to arise from the carbonyl group of the protein [20].

Fig. 3-I-20 13 C solid NMR of (a) NH2@Si(HIPE) and (b) 2⊂UNIK157@NH2@Si(HIPE).

Loading for the hybrid catalyst is around 100 mg of hybrid per g of foam. The samples were dried in an oven at 80 ℃ overnight prior to analysis.

The distribution of the hybrid catalysts was assessed by transmission electron microscopy (TEM) after immunogold staining (IGS) and by fluorescence microscopy after immunofluorescence staining. The immunostaining method is based on the specific interaction between the laccase and the gold or fluorescence-conjugated antibodies (Scheme 3-Ⅰ-4) [21].

The silica foams with and without hybrid catalysts were embedded with Lowicryl resin and cut into ultrathin sections that were in sequence incubated with a primary antibody (rabbit polyclonal anti-laccase) and with a secondary antibody (gold or fluorescence conjugated). foam has a large surface of mesoporous pores, so that the pore size cannot be observed in TEM images [22]. On images obtained for 2⊂UNIK71 or 2⊂UNIK157 loaded foams, the presence of NH2@Si(HIPE), C,D: 2⊂UNIK71@NH2@Si(HIPE) and E,F: 2⊂UNIK157@NH2@Si(HIPE) with anti-laccase antibody. Loading for 2⊂UNIK71 or 2⊂UNIK157 is 100 mg g -1 . Note the presence of the laccase gold labeling (black spots).

Fluorescence images of immuno-stained NH2@Si(HIPE) and hybrid catalysts loaded foams are shown in Fig. 3-Ⅰ-22. Images of 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@NH2@ Si(HIPE) under 488 nm excitation reveal a green fluorescence attesting for the presence of laccase and underlining the surface of entire pores within the foam (Fig. 345678910111213141516171819202122D). The absence of fluorescence in control images (foams with no laccase, Fig. 345678910111213141516171819202122B) attests for the absence of non-specific interactions between the antibodies and the silica foam. Since the laccase was initially functionalized with complex 2, this is also the indication of the successful immobilization of complex 2 in the foam. Based on the intensity of the green color, there is no obvious difference in the immobilization of the two laccase variants, UNIK71 and UNIK157.

Fig. 3-I-22

Fluorescence microscopy images of sections (1µm thick) of A, B: NH2@Si(HIPE), C: 2⊂UNIK71@NH2@Si(HIPE) and D: 2⊂UNIK157@NH2@Si(HIPE).

Conclusion

We successfully synthesized three Pd(II) complexes each containing two graftable aldehyde moieties amenable to modification and differing by their length. Complex 2 was first used to modify two variants, UNIK71 and UNIK157 owing to the presence of their single surface accessible lysine. All the results of UV-Vis and ICP-MS confirmed the presence of Pd in the 2⊂UNIK hybrids. Activity of each hybrid was comparable to their parental non modified counterpart. We successfully used three immobilization strategies differing in the order of immobilization of the Pd and laccase moieties or in the use of 2⊂UNIK hybrids for the construction of new supported hybrid catalysts. The characterizations performed confirmed the effectiveness of immobilizations and the preservation of the structure of the silica foams.

The catalytic performances of these hybrid catalysts in veratryl alcohol oxidation were evaluated. Results are reported in the second part of this chapter.

Introduction

In the previous part of this chapter, we described the construction of co-immobilized Pd/laccase catalysts. Using two UNIK variants that offer two opposite enzyme orientations and playing with the order of immobilization of the catalysts or with the nature of the catalyst (Pd complex, enzyme or Pd/enzyme hybrid), these constructions offer us the opportunity to test different organizations at the Pd/enzyme/matrix interface. In this part, we report on the evaluation of the efficiency of these constructions using the aerobic oxidation of veratryl alcohol as model reaction for a proof of concept. Catalytic efficiencies of the co-immobilized systems are compared with those of their homogenous counterparts as well as to that of the Pd(II) complex alone. The impact of the catalyst orientation/loading on the performance of the Pd/LAC3, Pd/UNIK71 and Pd/UNIK157 systems is discussed. Eventually, the reusability and stability of these evolved heterogenous catalysts is presented and discussed.

Results and discussions

3.II.1 Studies in homogeneous condition

3.II.1.1 Oxidation of veratryl alcohol Bimolecular system

The catalytic activity of the Pd(II) complex was evaluated using the aerobic oxidation of veratryl alcohol as a model reaction (Fig. 3-II-1).

Fig. 3-II-1

The reaction targeted in the activity test.

The first example of a catalytic system combining the O2-reducing power of the laccase to the catalytic power of a Pd(II) nitrogen-based water-soluble complex (complex 1) in a bimolecular system has been previously described in our group [1]. In this work, it has been demonstrated that an electronic communication is established between the two partners (i.e. the complex and the enzyme) allowing for the aerobic oxidation of veratryl alcohol under mild conditions (performed in water, at room temperature and atmospheric pressure). In fact, the fungal laccase LAC3 couples the regeneration of the Pd(II) catalyst (as it is reduced by a Pd(0) species) to the four-electron reduction of dioxygen into water with no loss of enzyme activity. O2 is therefore used as a renewable, cheap and clean oxidant in particularly eco-friendly conditions.

A simple association of a laccase with the complex 1 has resulted in a 7-fold increase in the catalytic efficiency of the complex.

Variations of the ligands have been found to affect the catalytic efficiency of the hybrid system.

Substituent at -position of the nitrogen of the pyridine ring have been shown to be important for the activity and stability of this type of catalyst. Starting from these results we performed a simple esterification of the biquinoline ligand with the 2-(3-Bromopropyl)-1,3-dioxolane followed by acetal deprotection. Metalation of the ligand was performed with Pd(CH3CN)2Cl2 in dichloromethane (Scheme 3-Ⅰ-1). The characterization of this complex (complex 2) was described in the previous section.

It should be mentioned here that, an intrinsic challenge in chemoenzymatic strategies lies in the potential mutual deactivation of the individual catalysts (metal/protein). Therefore, the combination of metallic and enzymatic catalyst usually requires careful adjustment of reaction conditions, such as the choice of solvent and concentration of the reactants, which should be compatible with chemical and biological catalysts in a great content [2]. In our system, complex 1 exhibits activity best in basic conditions at high temperature and pressure, whereas laccase best activity occurs at slightly acidic pH and room temperature. Also, complex 2 is not soluble in aqueous solution whereas the enzyme, although very robust, might be deactivated in the presence of a high content of organic solvent. Thus, a compromise has to be found in experimental conditions to get the best cooperation between two catalysts. Before measuring alcohol oxidase activity, we measured the activity of laccase toward ABTS in acetate buffer containing 5% DMSO, a solvent in which complex 2 is soluble. Despite a noticeable drop, laccase retained ≈80% of its initial activity which makes it possible to build a bimolecular system with 2 and laccase working in a 5% DMSO buffered solution.

Varying the ratio of 2 vs laccase (from 0.2 to 10.0 with 5 µM of either LAC3, UNIK71 or UNIK157) on the catalytic oxidation of veratryl alcohol was evaluated first (Fig. 3-II-2). In this bimolecular system, no catalytic improvement is observed when ratios 2 vs laccase are below 1.0. A maximum of ≈ 4 folds increase in aldehyde yield is obtained with a ratio of complex 2/laccase = 1.0, an improvement that drops to ≈ 2 folds when the ratio is 10.0 (Fig.

3-II-2 B).

There are no differences of catalytic activity of the bimolecular systems (2/ LAC3, 2/UNIK71 and 2/UNIK157) probably because all enzymes exhibit comparable specific activities.

Therefore, like with complex 1, the alcohol oxidation capabilities of complex 2 can be significantly enhanced by the presence of a laccase.

A strict comparison of the 2/LAC3 and 1/LAC3 system is not possible since conditions differ.

Generally, despite complex 2 exhibits a lower conversion yield than complex 1, the increase fold is comparable when laccase is present with 10-times less complex 2 than complex 1. As previously mentioned, the presence of 5% DMSO during the catalysis with 2/LAC3 slightly alters the enzyme activity and may affect the efficiency of the synergistic effect.

Functionalized enzymes

Prior their immobilization, the efficiency of 2⊂UNIK71 and 2⊂UNIK157 as veratryl alcohol oxidation catalysts was tested in homogeneous conditions. Four hybrid concentrations were used: 1, 2, 5 and 10 μM (Fig. 3-II-3). Overall, aldehyde production increases with hybrid concentrations from 1 to 10 μM, reaching a maximum of 650-700 μM aldehyde at 10 μM catalyst (Fig.

3-II-3 A).

A TON of 200 is calculated for the lowest concentration of hybrid catalyst (1μM) for both variants (Fig. 3-II-3 A, inset). For each tested concentration, 2⊂UNIK157 is found to perform slightly better than 2⊂UNIK71. This is particularly showing up from the kinetic traces on 24 hours catalysis (Fig. 3-II-3 B). At the concentration tested, intermolecular interactions between hybrid units may compensate for an effect of the orientation masking differences between the two enzymes the solution activity of which appears similar. Straightening this point, TON is found almost the same for the two variants at higher hybrid concentration (e.g. 10 μM). Comparing the hybrids' catalytic performances with their bimolecular counterparts tested under the same conditions (e.g. 5μM of catalyst), the yielded product for 2⊂UNIK71 and 2⊂UNIK157 appears a little higher (1.2 to 1.6 times) (413 μM and 501μM respectively, Fig. 3-II-3) than for 2/UNIK71 and 2/UNIK157 (354 μM and 309 μM, Fig. 3-II-2). This may be due to an intrinsic diffusion limitation of bimolecular systems. Grafting may help circumventing this issue by setting both the complex/enzyme ratio and the location of the complex relative to the substrate oxidation site (for a better electron transfer) [3].

3.II.1.2 Bleaching of the laccase T1 Cu(II)

It has been demonstrated that, in the absence of a final electron acceptor (O2), laccase gets reduced in the presence of both complex 1 and substrate [1]. In order to better explore the catalytic properties of the hybrids, kinetic studies were performed using a degassed solution of laccase in the presence of the Pd(II) complex 2 (stoichiometric or excess) or their hybrid counterparts in the presence of an excess of veratryl alcohol.

Redox changes of the Cu(II) states were followed by UV-Vis. In a first place, adding a fresh solution of complex 2 to LAC3 solution doesn't alter the UV-Vis signature of LAC3 (Fig. 3-II-4). Then, adding excess of substrate leads to the progressive bleaching of the 610 nm band characteristic of the Cu(II) T1 site. A complete bleaching is observed after 24 hours in the presence of 10 mM substrate. Upon exposure to air, the A610 nm spectroscopic feature of the enzyme reappears as well as the blue color of the enzyme attesting for the re-oxidation of the laccase [1,4,5]. Increasing the ratio 2 vs laccase doesn't improve the reduction kinetics. On the other hand, a higher substrate concentration (100 mM) allows a complete reduction within 15 hours. Albeit with slower kinetics, this behavior is comparable to the one observed with complex 1 [10] Altogether, these results reveal that the electron transfer from palladium to enzyme active center is possible with complex 2 whether it is grafted or not at the surface of the laccase.

Dioxygen acts both as an oxidative agent (O2 is reduced to H2O) and as renewable electron acceptor. The synergistic effect of the two partners, 2 and laccase, is observed for both the bimolecular system and the grafted enzyme (ratio of 2 vs laccase as 1/1). The slightly higher aerobic oxidation activity (1.2-1.6 times) obtained with grafted enzymes corelates with a faster reduction of the T1 Cu(II) (1.4-2.0 times). Furthermore, the location of the grafting at the surface of the enzyme influence the performance of the hybrid, the closer to the T1 Cu(II) site giving higher conversion yield for alcohol oxidation (1.2 times, section 3.II.1.1) and faster reduction of the T1 Cu(II) (1.4 times).

3.II.2 Studies in heterogeneous condition

3.II.2.1 Activity of immobilized Pd nanoparticles

The group of Backwall constructed efficient and recyclable heterogeneous catalysts for alcohol oxidation by introducing highly dispersed palladium nanoparticles (PdNPs) in mesocellular foams [6]. This system can be further improved by co-immobilization of enzyme mimicking artificial metalloenzyme for tandem reactions [7]. Getting inspiration from these works, we immobilized Pd particles into NH2@Si(HIPE) foams. Activity of PdNPs@NH2@ Si(HIPE) was tested on veratryl alcohol oxidation (Table 3-II-1). a [substrate] =100 mM in 15 mL solvent, 1.5 mmol; PdNPs@NH2@Si(HIPE), 50 mg with 0.02 mmol Pd NPs (1.3 mol% Pd); under air; t=24 hours for each cycle.

The aerobic oxidation of alcohol with PdNPs@NH2@Si(HIPE) was first assessed under harsh experimental conditions. As shown in Table 3-II-1 (Entries 1-2), immobilized Pd particles are active at a reaction temperature of 90℃ using water as solvent. However, a higher conversion of alcohol (41%) is achieved using toluene as solvent. Although apparently less efficient than the system previously reported (yield 80-99%, TON ≈ 65 [6]), these results attest that our Pd particles can work well while anchored inside the silica foams. As reported in literature, with milder experimental conditions, i.e. using buffer as reaction solvent and at room temperature, aerobic oxidation of 1-phenylethanol in PBS (pH 4.5, 100 mM)/THF (4%) at 1 O2 atmosphere has led to a 30% yield with a TON of 1.1 [8]. In slightly different conditions, i.e. using the same solvent but air as oxidant, our system yields 1.2% of aldehyde with a comparable TON of 0.9. Changing the solvent for acetate buffer (100 mM, pH 5.7), the yield and TON increase to 3.6% and 2.8, respectively. Thus, if the nature of buffer doesn't influence the PdNPs@NH2 @Si(HIPE) activity much, the temperature of operation appears as a main factor influencing their activity toward alcohol oxidation.

The reusability of the supported catalyst was tested on this system. The PdNPs@NH2@ Si(HIPE) is used for three consecutive cycles with no loss of operational activity (Fig. 3-II-6).

Fig. 3-II-6 Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ by PdNPs@ NH2@Si(HIPE) (Entry 4 in Table 3-II-1).

[substrate] =100 mM; t=24 hours for each cycle, three consecutive cycles. Flow rate: 3.0 mL min -1 .

These results suggest that the Si(HIPE) foam is a suitable carrier for the immobilization of Pd particles. Although lower than previously reported for other immobilized Pd particles, alcohol oxidation activity of PdNPs@NH2@Si(HIPE) is significant under harsh or benign conditions.

More, the level of activity is stable at least for three 24h cycles. However, entrapment of Pd particles in foams raises few concerns about the identification of the true catalytic species during reaction process [9]. One concern is about the PdNPs aggregation which may lower the number of actual active site of Pd. Another important point is the leaching problem. Some researchers have hypothesized that soluble, leached Pd(0) nanoparticles could be responsible for much of the activity, although some reactivity was still ascribed to solid Pd nanoparticles [10,11]. In this context, the catalyst performance becomes difficult to rationalize and the immobilization process is losing its interest. From this example among others, it is necessary to control the nature of catalyst species in the system, such as through the introduction of an ancillary ligand to stabilize Pd.

3.II.2.2 Activity of the immobilized Pd(II) complex alone

Two different immobilization methods were performed to obtain Pd(II)-based heterogeneous catalyst (Scheme 3-II-1). In route A, the covalent immobilization of the ligand is performed prior incubation with Pd(II) acetate salt whereas in route B, complex 2 is directly used for the covalent immobilization.

Scheme 3-II-1

Procedures for the immobilization of palladium complex on silica foams.

As reported in literature, supports can be functionalized with silylation reagent (with two nitrogen atoms) and treated with palladium salts for metalation [12,13]. It is a simple way to stabilize Pd(II) ions. In this respect, our route A is similar: NH2@Si(HIPE) foam was functionalized (Schiff-base reaction) with the ligand DL2 which was subsequently metalated using palladium acetate (being different with chloride in complex 2). An illustration of the catalytic performance (veratryl alcohol oxidation) of a route A derived Pd(II) complex onto NH2@Si(HIPE) is given in Fig. 3-II-7. The product formed (aldehyde) increases with time to reach about 600 μM after 24 hours, a 0.6% yield that is maintained during a second 24h cycle.

This conversion rate is lower than that of immobilized Pd particles (3.8 mM), likely because of a lower loading in Pd. The activity and stability of the Pd(II) complex-based heterogeneous catalyst from route A appears promising. However, it is difficult to control the position of the Pd(II) in the foam since it can be complexed to the anchored ligand or to the amino group on the surface of silica foams. As reported, in excess, Pd(II) may be reduced to Pd(0) that then form Pd particles in competition with the process of coordination to the ligand [14], this may occur in particular in the presence of impurities in organic solvents [15]. It is clearly important to identify the species present in as-synthesized heterogeneous materials for better evaluation of the catalyst [9]. With the simple route A, the reactivity appears difficult to control since it is difficult to conclude whether catalysis is accomplished by a Pd(II) molecular complex or by Pd particles.

Considering the above, we focused our attention on immobilizing the Pd(II) complex 2 directly into NH2@Si(HIPE) foam (route B). Since we have studied the catalytic activity of complex 2 in solution (section 3.II.1.1), the effect of immobilization was evaluated from a comparison of the activity of immobilized 2 with its homogeneous counterpart. As for route A, a Schiffbase reaction between the amino functionalized silica foam and the aldehyde group of the ligand of complex 2 was used to graft the complex [16]. Due to the poor solubility of complex 2 in aqueous media, we used pure DMSO as impregnation solvent to reach a wider range of Pd loadings [17].

The catalytic performance of a series of route B derived 2@NH2@Si(HIPE) catalysts [substrate] =100 mM; t=24 hours. TON is calculated as the amount of product divided with the amount of palladium in the silica foam.

As seen in Fig. 3-II-8A, aldehyde does accumulate with time. About 60 μM product is obtained with the lowest complex 2 load of 1.2 μmol g -1 , a performance similar to that of its homogeneous counterpart (Fig. 3-II-2, 85 μM) but one order of magnitude lower than that of our route A derived Pd(II) complex onto NH2@Si(HIPE). This is an indication that in the route A Pd(II) complex may not be the main catalytic species (see above). Increasing the Pd load up to 35.2 μmol g -1 , no significant improvement of product formation is observed resulting at the same time in a remarkably decrease of TON (Fig. 3-II-8B). Based on these observations, 100 μM (2 load of 1.2 μmol g -1 ) was selected as the optimized initial concentration for preparing immobilized Pd(II) complex catalyst.

As previously observed for the enzyme, an excess of loading may result in a crowding of the Pd(II) complex during the preparation of catalyst. The dispersibility of the surface metal can decrease leading to a decrease of the relative catalytic metal content [18]. This highlights that it is necessary to find a balance between the load of catalyst and catalytical performances. Also, in this heterogeneous system, silica foams can affect the loading of catalyst, the diffusion of substrates and then the final activity.

For route B, the pre-synthesized Pd(II) complex is directly immobilized onto NH2@Si(HIPE) foam. It benefits from a control of the reactivity of the Pd through a molecular complex.

Different Pd loadings can be obtained by changing the initial complex concentration. However, the highest activity is obtained for a low Pd loading. Therefore, in the section dealing with the co-immobilization of Pd(II) complex and laccase, we only describe results obtained with this method (route B) for Pd(II) complex immobilization.

3.II.2.3 Co-immobilization of Pd nanoparticles and enzyme

Besides the work of Backwall, et al. on heterogeneous catalysts made of Pd nanoparticles and lipase [7], Moradi, et al. reported the co-immobilization of Pd nanoparticles and laccase for alcohol oxidation [8]. In this work they have used the catalysts in the presence of catalytic amount of the mediator hydroquinone as relay between Pd and laccase.

In our case, we introduced UNIK157 into the previously synthesized PdNPs@NH2@Si(HIPE).

Activities obtained with this catalyst with or without enzyme can be compared from data collected in Table 3-II-2. After immobilization of UNIK157, the amount of aldehyde yielded by the oxidation of the alcohol decreases significantly from 3.8 mM to 1.6 mM for the first cycle. Almost no catalytic activity is observed for a second and third cycle (the product is only 8% of that for immobilized PdNPs alone). playing an essential role for the catalytic performance in their system, obtaining a tenth of their yield in the absence of mediator was puzzling. Since they have used a commercial preparation of laccase with no further purification when we used a highly purified enzyme, one could speculate that pigments present in the commercial preparation somehow already acted as mediators. Nevertheless, based on our results, we concluded that the coimmobilization of Pd nanoparticles and laccase does not lead to a synergy; rather, the presence of the enzyme appears deleterious for the activity. Therefore, we focused our efforts on the coimmobilization of a Pd(II) complex and designed laccase.

3.II.2.4 Co-immobilization of Pd(II) complex 2 and enzyme

The three immobilization methods we developed to achieve a better control on all the catalytic partners are depicted in Scheme 3-I-3. As previously stated, method A allows and easy tuning of complex 2 loads resulting in various 2 vs laccase ratios but there is no control of the amount of Pd(II) complex 2 around laccase and the distance between palladium to the active T1 Cu(II) site; method B allows a control of the orientation of the enzyme and a modulation of 2 vs laccase ratios through laccase loading; eventually, method C, allows to set the ratio 2 vs laccase to 1.0, to tune the activity by varying the loads and to control orientation/organization of the different elements.

The two laccase variants, UNIK71 and UNIK157 were then independently immobilized onto 2@NH2@Si(HIPE). Based on the results previously obtained for LAC3/2@NH2@Si(HIPE), two loads of complex 2 were selected: 1.2 μmol g -1 of 2 onto NH2@Si(HIPE) with which the highest TON was reached and 7.9 μmol g -1 with which the best synergistic effect was obtained.

UNIK71 and UNIK157 loads between 16-20 mg g -1 were targeted to obtain 2/UNIKs ratios (5 and 40) comparable to those for 2/LAC3. Performances of catalysts for these two ratios are shown in Fig. 3-II-10. Similar to LAC3/2@NH2@Si(HIPE), UNIK71/2@NH2@Si(HIPE) and UNIK157/2@NH2@Si(HIPE) presents an increased activity compared to 2@NH2@Si(HIPE), however to a different extent.

Fig. 3-II-10 Veratryl alcohol oxidation in acetate buffer (100 mM, pH 5.7) at 25 ℃ by ▲ 2@NH2@Si(HIPE), ■ UNIK71/2@NH2@Si(HIPE) and • UNIK157/2@NH2@Si(HIPE). A: 2 vs UNIKs = 5; B: 2 vs UNIKs = 40.

[substrate] =100 mM, flow rate: 3.0 mL min -1 , two consecutive cycles, t=24 hours for each cycle.

At low complex 2 loading (2 vs laccase around 5), laccase dependant increases are of 3.2 and 4.6 fold respectively for UNIK71/2@NH2@Si(HIPE) and for UNIK157@NH2/2@Si(HIPE) (Fig. 3-II-10 A), while at high complex 2 loading (2 vs laccase around 40), they are of 4.2 and 11.5 (Fig. 3-II-10 B). Noteworthy, there is no Pd dependant increase of activity for both UNIK71/2@NH2@Si(HIPE) and LAC3/2@NH2@Si(HIPE) the T1(Cu II ) site of which are exposed to the solvent whereas there is almost a factor of 3 (2 vs laccase, 40) for UNIK157/2 @NH2@Si(HIPE) with a T1(Cu II ) site exposed to the functionalization layer (and therefore to complex 2). Therefore, the fact that UNIK157/2@NH2@Si(HIPE) exhibits better performance than UNIK71/2@NH2@Si(HIPE) and LAC3/2@NH2@Si(HIPE) is attesting for a better synergy between 2 and UNIK157, an effect that seems dependent on the proximity of the T1 site with the complex 2.

Indeed, very schematically, two Pd to Cu distances may characterize the limit forms in the functionalization of the foam either through glutaraldehyde or through complex 2 (Scheme 3-II-2). For UNIK71/2@NH2@Si(HIPE) or LAC3/2@NH2@Si(HIPE) these distances (d1 and d2) are probably longer than those for UNIK157/2@NH2@Si(HIPE) (d1' and d2'). Shorter distances can be attributed to the location of lysine 157 in the vicinity of T1(Cu II ) site. Simply, shorter distances benefit to the electron transfer from Pd to T1(Cu II ), leading a better catalytic performance.

On the other hand, it is important to note that although catalytic performances are different depending the enzyme variant used, in any case, no loss of operational activity is observed after two consecutive cycles, attesting for good stability of all immobilized catalysts (Fig. 3-II-10).

Scheme 3-II-2

The position for complex 2 and enzyme in catalyst from method A.

In this system, both the Pd complex and glutaraldehyde are potential crosslinker of the laccase.

Thus, the distance between Pd and the active copper site in the enzyme can vary. Moreover, with two crosslinkers and the possibility of generating 2 different aldehydes moieties per amine (one from the complex 2 and one from the glutaraldehyde) hydrophobic interactions may play an important role for the final organization. All these considerations highlight a lack of control with method A.

With method A, tuning the load of complex 2 allows for an easy comparison of the immobilized catalysts. However, as already described in chapter 2, the optimization of the enzyme loading is an important mean for tuning the final activity. Varying the enzyme load is the essence of immobilization method B.

Method B

Enzyme was first immobilized onto NH2@Si(HIPE) prior to adding complex 2. In this way, we expected to achieve a control on the load and on the orientation of the laccase in the foam and a better control of Pd complex 2 immobilization. Glutaraldehyde functionalized laccase variants, UNIK71-CHO and UNIK157-CHO were used for immobilization. Three enzyme loadings (~15, ~30 and ~50 mg g -1 ) were tested while the palladium loading was fixed between ~0.5 and ~2.0 μmol g -1 ) due to the low solubility of complex 2 in PBS solution ( As shown in Fig. 3-II-11A, the concentration of the product formed by 2/UNIK71-CHO@NH2 @Si(HIPE) ranges from 85 to 170 μM and that by 2/UNIK157-CHO@NH2@Si(HIPE) from 170 to 700 μM (with less than 50 μM by 2@NH2@Si(HIPE)). All the co-immobilized catalysts exhibit an increased activity compared to the complex 2 alone, attesting for the synergy between complex 2 and laccase. Comparing increases in activity, the combination of 2 with UNIK157-CHO results in a 2-4 times improvement relative to that with UNIK71-CHO (Fig. 3-II-11B). This confirms the effect of enzyme orientation on the final activity of the coimmobilized catalyst we observed earlier. Based on the conversion rate and the increase fold, condition #2 (laccase~32 mg g -1 /2~1.8 μmol g -1 , 2 vs laccase=5) is the best combination tested for method B allowing to produce 12.5 times more product than the immobilized complex 2 alone. Comparing performances of immobilized catalysts tested in this condition (i.e. 2 vs laccase=5) to their homogeneous counterpart (Fig. 3-II-2), the immobilized 2/UNIK157-CHO yields two times more product than that in solution, whereas the conversion yield of immobilized 2/UNIK71-CHO is 1.5 times less than that in solution. Therefore, the immobilization process provides differences between two enzyme orientations.

Kinetic traces for the co-immobilized catalysts recorded under these four conditions are shown in Fig. 3-II-12. For both 2/UNIK71-CHO@NH2@Si(HIPE) and 2/UNIK157-CHO@NH2@ Si(HIPE), 85%-95% of the initial activity is preserved after two consecutive cycles, suggesting the stability of these immobilized catalysts.

Fig. 3-II-12

Kinetic traces for catalysts prepared with method B under four conditions. Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃, [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. ▲ 2@NH2@Si(HIPE), ■ 2/UNIK71-CHO@NH2@Si(HIPE), • 2/UNIK157-CHO@NH2@Si(HIPE).

Reusability of two different batches of 2/UNIK157-CHO@NH2@Si(HIPE) was tested after 3 or 8 months storage (Fig. 3-II-13). For a first batch retaining 85% of the initial activity after three consecutive cycles, the operational activity of the catalyst in a fourth cycle performed after 3 months storage is still around 43% (Fig. 3-II-13 A). For a second batch, after 8 months storage and a total of 3 cycles, the operational activity drops to 26 % (Fig. 3-II-13 B). Although the activity measured for this catalyst after a long storage is substantial, it is significantly lower than the 60% measured after one year storage for the enzyme-based catalyst described in chapter 2. The main difference between these catalysts being the presence of a Pd(II) complex, it is tempting to attribute to it the loss of stability observed. Kinetic traces for one batch with loading 2 (1.8 μmol g -1 )/UNIK157-CHO (32.9 mg g -1 ).

So, performances obtained with catalysts immobilized with method B confirmed both the synergy between 2 and laccase and the effect of enzyme orientation previously observed with method A. The architectures to which method B may give access are depicted in Scheme 3-II-3. From there it is pretty straightforward to picture the opposite grafting of 2/UNIK71-CHO@NH2@Si(HIPE) and 2/UNIK157-CHO@NH2@Si(HIPE) leading in the latter case to a proximity between Pd and T1 Cu(II) site.

Scheme 3-II-3

The position for complex 2 and enzyme in catalyst from method B.

Noteworthy, the organization of the Pd(II) complex and the enzyme (2 vs laccase ~5.0) reached with the immobilization method B allows the 2/UNIK157-CHO@NH2@Si(HIPE) catalyst to be significantly more efficient than the same catalyst prepared with method A (see Fig. 3-II-10 A and Fig. 3-II-11 #2). In the catalyst prepared with method B, the enzyme comes first and occupies most of the space in the pores of the silica foam. This might help to avoid the aggregation of Pd(II) complexes during the functionalization thereby improving the activity of the catalyst. Enzyme loads set higher than that had been optimized earlier (chapter 2), enzyme could adopt a conformation more favorable to reach an optimal activity, in particular through a decrease of the distance between Pd to the T1 Cu(II) active site. Therefore, it is meaningful to tune enzyme loading using method B to reach better catalytic performances.

laccase exists also in this configuration. The amplitude of the effect depends here also on the orientation of the enzyme relative to complex 2 with the notable difference that interaction between the catalysts is covalent rather than supramolecular.

For a similar catalyst load (≈ 2 μM), it is interesting to note that 2⊂UNIK71@NH2@Si(HIPE)

and 2⊂UNIK157@NH2@Si(HIPE) perform better than their homogeneous counterpart (Fig.

3-II-3).

For 2⊂UNIK157, product formation increases 2 times from 197 to 426 μM after immobilization. For 2⊂UNIK71, the activity is fairly constant, from 158 to 191 μM of product before and after immobilization. Therefore, not only this immobilization method is not compromising performances but it enhances differences of activity between 2⊂UNIK157 and 2⊂UNIK71 already observed going from 1.2 times in solution to 2.2 times in the foam.

Consequences of the immobilization process, a prevention of inter-molecular interactions and a certain rigidification of the complex 2/laccase link could be at the origin of this phenomenon.

The kinetic traces recorded for three different loads are shown in Fig. 3-II-15. After three consecutive cycles, 85-90% of the initial activity of the catalysts is preserved. Therefore, there is no indication of a compromission of the stability of heterogeneous catalysts prepared by method C in the reaction conditions used and at least on a short term basis. [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. ▲ 2@NH2@Si(HIPE) ■ 2⊂UNIK71@NH2@Si(HIPE) • 2⊂UNIK157@NH2@ Si(HIPE). All the loadings are the average of three immobilization.

Stability and reusability was tested after storage for both 2⊂UNIK157@NH2@Si(HIPE) and 2⊂UNIK71@NH2@Si(HIPE) at the optimized loading of 0.6 μmol g -1 (Fig. 3-II-16). After 3 months storage, activity remains as high as 64% and 47% of the initial one for the immobilized 2⊂UNIK71 and 2⊂UNIK157, respectively. After 8 months storage, these percentage drops respectively to 30 and 40% for 2⊂UNIK71 and 2⊂UNIK157. Although initial activities are different for the two hybrid catalysts, their stability and reusability are found similar. To better assess the stability of catalysts prepared from method C, a control experiment was performed to challenge the covalent bond between the hybrids (2⊂UNIKs) and the foam.

2⊂UNIK157@NH2@Si(HIPE) and 2⊂UNIK71@NH2@Si(HIPE) were extensively washed with 1 M NaCl and 1 % Triton X100 in 100 mM acetate buffer (3 mL min -1 unidirectional flow for 1 hour). Post washing, laccase concentration was evaluated in the supernatant (Bradford assay) and activity toward alcohol oxidation was tested (Fig. 3-II-17). This quite demanding treatment doesn't lead to a detectable release of laccase and overall results in less than a 10% loss of the initial catalytic activity. We then conclude that our synthetic procedure leads to the covalent attachment of hybrid catalysts (2⊂UNIKs) to the silica surface and that any of the non-covalently bound catalyst get washed away during the normal wash process (with acetate buffer). The small decrease in activity may be due to a possible Pd-enzyme catalyst deactivation though conformational changes. Compared with method A and B, immobilization method C can be considered as offering more control on the final architecture in the pore. Due to the pre-functionalization of laccase with complex 2, the ratio Pd/laccase and somehow the distance Pd to the T1 Cu(II) active site can be controlled through immobilization. As shown in Scheme 3-II-4, two orientations are obtained when immobilizing 2⊂UNIK157 or 2⊂UNIK71 with only one possibility of interaction with a Pd(II) complex. With 2⊂UNIK157, the location of complex 2 in the vicinity of the T1 Cu(II) may favor a direct reduction of this center, leading to higher catalytic performances.

With 2⊂UNIK71, complex 2 is located opposite to the T1 Cu(II) site. This configuration is apparently not favorable for a direct electron transfer to the T1 Cu(II) site unless the flexibility of the components (i.e. enzyme and linker) allows for a spatial rapprochement of complex 2 and the T1 Cu(II) site between adjacent grafts. If this is the case, it would be a situation similar to those prevalent with methods A and B. On the other hand, as this was postulated for laccase oriented at the surface of electrodes [19], we may hypothesize that electrons from the reduced complex 2 could reach the TNC through the protein matrix without involving the T1 Cu(II) site. So, with a higher control on the organization (ratio Pd/laccase, distances), this method allows to go deeper in the investigation on the effect of orientation and highlights the critical role of the matrix for the oriented immobilization of catalysts.

enzymes are immobilized prior to Pd into silica foams, it is probably easier to get enzyme conformations allowing the best catalytic performance. For these two methods, the number of Pd around laccase is difficult to control. Comparing method B with method C, at the same loading of enzyme (2 vs laccase is different), hybrid catalysts prepared according to method B required more Pd to achieve a conversion of substrate comparable to that obtained with hybrid catalysts prepared according to method C. In other words, it seems that the oriented functionalization of enzymes with a Pd(II) complex before immobilization of the hybrid improve the cooperation between Pd and laccase and allow an economy of Pd.

Therefore, concerning the control of the orientation/ organization of catalysts in the foam, method C is the most promising one with a fixed distance between Pd to Cu, easy modulation of catalyst loading, and easy comparison with homogeneous counterpart.

3.II.2.5 Tuning the distance between palladium and laccase copper active centers

As mentioned previously, the distance between palladium and copper center is a factor that may affect the efficiency of electron transfer from the transiently reduced Pd(0) to the enzyme, probably by the T1 Cu(II). A priori, one can think that the shorter the distance is, the faster the transfer may be with the consequences that this can have on the final catalytic activity. We synthesized two biquinoline based Pd(II) complexes 3 and 4 bearing aldehyde arms with different lengths to compare with 2 (Fig. 3-II-18). We selected UNIK157 as the protein scaffold for this study because of the vicinity of lysine 157 with the T1 site. Unfortunately, the characterizations of two hybrid catalysts (3⊂UNIK157 and 4⊂UNIK157) are not yet complete.

Here, we only present some preliminary catalytic data from these two complexes (bimolecular system). It is essential to conduct more catalysis and controls after complete characterizations.

Fig. 3-II-18

The three complexes used in this study.

Before anchoring complex 3 and 4 to foams, their catalytic properties were evaluated either alone or combined to the enzyme in a bimolecular way. Two ratios of complex vs UNIK157 of 1.0 and 10.0 were evaluated (Fig. 3-II-19). For all the tested conditions, the product formation for both complex 3 and 4 in the absence or presence of UNIK157 are comparable. As already observed for complexes 1 and 2, combining UNIK157 to complexes 3 or 4 lead to better performances compared to each complex alone. As expected, complex 3 and 4 appear therefore to work in synergy with UNIK157.

Fig. 3-II-19

Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ in solution.

[substrate]=100 mM; t=24 hours. ■ Pd (5 μM); ■ Pd (5 μM)+ UNIK157 (5 μM); ■ Pd (50 μM) ■ Pd (50 μM)+ UNIK157 (5 μM).

In the near future, complete characterizations of hybrids and materials embedding complexes 3 and 4 should be done to better evaluate the effect of distance between Pd to TI Cu(II) site. It is probable that other complexes with varied length or with different ligands would help to deepen our understanding of relationships complex/laccase to optimize the regeneration of Pd catalysts.

Conclusion

In conclusion, we have presented strategies to produce co-immobilized, active and reusable catalysts in relative good amounts using laccase as enzymatic catalyst and palladium complex as metal catalyst. The activity of immobilized hybrid catalysts is comparable with their homogeneous counterparts. The improved activity obtained from immobilized hybrids versus palladium alone highlights a synergy between the two catalytic partners in a confined environment. Different immobilization conditions were used to optimize the catalytic performance. Globally, this technology has permitted us to carry out an alcohol oxidation reaction under mild conditions, which is of critical importance to sustainable chemistry, with.

stable and reusable heterogeneous catalysts. More, the catalytic performance can be modulated by the orientation of the enzyme relative to the functionalization area, whit a main parameter that could be the distance between palladium and the active site of the enzyme. The immobilization method C, which contains the site-directed reductive alkylation of two laccase variants with a palladium-aldehyde complex, is the method offering most control on organization among the three methods tested. Using method C, the Pd-T1 Cu(II) orientation reached in 2⊂UNIK157 led to 2.2 times higher activity than that observed 2⊂UNIK71, a difference exacerbated by the immobilization in the foam relative to homogeneous condition (1.2 times). This indicates that the support appears to be not only a matrix allowing better stability and reusability but potentially a partner in the catalytic process.

General conclusion:

The main objective of this research work was to construct an active, cooperative and reusable heterogeneous catalyst by immobilizing both palladium-based catalyst and enzyme into the same cavity of silica foams. This is an effective method to address the issues associated with enzyme or palladium catalyst alone as well as the problem of catalyst stability encountered in homogeneous condition. This obtained catalyst was used for selective aerobic oxidation under mild experimental condition, fitting the demand of sustainable chemistry. In the heterogeneous hybrid system, there are three partners: the silica foam, laccase and palladium complex. In this work, we focused on the control of the organization/orientation of catalysts in this system to better understand the immobilization process.

This research work was started with the enzyme immobilization (Chapter 2) for the control of only two partners (enzyme/silica foams). LAC3 and its two variants, UNIK71 and UNIK157

were covalently grafted to a low glutaraldehyde activated silica foam. The LAC3-based heterogeneous catalyst was first used for HBT-mediated dye decolorization (RB-5 or RBBR) with a continuous flow mode. This catalyst has a comparable activity with its homogeneous counterpart and it has a promising stability and reusability (up to one year storage). The final catalytic activity was tuned by both enzyme loading and enzyme orientation. An optimized enzyme loading was required for getting a proper enzyme conformation in the pores of silica foams, thus affecting the activity after immobilization. Enzyme orientation was assessed by immobilizing independently UNIK71 and UNIK157, two laccases variants containing only one accessible surface lysine at opposite side. Two immobilization methods were used to confirm the effect of orientation on the enzyme activity. Based on catalytic activity from different substrates, the immobilized UNIK71 performs better performance than UNIK157 for large size substrates. We attributed this behavior to the fact that the substrate oxidation site for the immobilized UNIK71 is exposed to the pores of silica foams and thus less hindered.

Hence, beyond obtaining a large active surface, the support appears to be not only a matrix allowing better stability and reusability but potentially a synergic partner in the catalytic process. From this perspective, it is informative to obtain more insights into the structure and conformation of the enzyme confined at the surface of material. It is a way to better understand the parameters influencing the catalytic behavior and facilitate the tailor-designed strategies.

Holding these results from enzyme immobilization, we introduced another catalytic partner (a palladium(II) complex) to the hybrid system (Chapter 3). Actually, as a control, we first tried the immobilization of palladium particles. Although the catalytic efficiency was promising, it is difficult to control the nature of catalyst species in this type of system. What's worse, the presence of enzyme in the co-immobilized PdNPs/laccase system is deleterious for the catalytic activity of palladium particles for a reason that is not yet understood. Considering all these points, we focused on the use of biquinoline-based palladium complex, which is helpful for stabilizing Pd ions and providing more possibilities for the organization of catalyst partners due to the graftable ligands (control of the active species and efficient atom economy).

First, three palladium complexes (complex 2, 3, 4), bearing two graftable aldehyde moieties were synthesized and characterized. They were used for the surface modification of UNIK71 and UNIK157 using a reductive alkylation reaction adapted from Mc Farland and Francis. This grafting process did not alter the enzymatic activity towards ABTS. To see the efficiency of the hybrid catalyst in homogeneous condition, both the bimolecular system (2/laccase) and the grafted laccase (2⊂laccase) were first studied towards the oxidation of veratryl alcohol. The increased activity of hybrid catalysts compared to palladium alone shows the synergistic effect between the palladium and the laccase no matter which condition it is. Noteworthy, the grafted laccase has a higher conversion rate than the bimolecular system under the same condition (i.e.

2 vs laccase=1.0), which is consistent with the results obtained for the transient reduction of T1 by either the bimolecular system and the grafted laccase (the grafted laccase is more efficient than the bimolecular system of a factor of 1.4-2.0). Noteworthy, a slight difference is observed between two orientations for the grafted laccase, 2⊂UNIK157 being slightly more efficient than 2⊂UNIK71 (1.2 times higher towards the conversion yield of alcohol oxidation and 1.4 times faster towards the transient reduction of T1).

Three methods were used to envisage the co-immobilization of both the Pd(II) complex and the laccase, differing from the immobilization order of the complex 2 and the laccase. Method A focuses on the modulation of Pd activity by varying the loading of complex 2; method B tunes the enzyme activity based on the catalytic performance of different enzyme loading; while method C modulates the loading of the grafted hybrid catalyst in one time. No matter which method was used for immobilization, the obtained hybrid catalysts possess an improved catalytic activity compared to the immobilized complex 2 alone, attesting for the synergy between 2 and laccase within the material. This synergistic effect seems to be related to the catalysts loading and orientation. Based on the conversion rate and the increase fold arising from the presence of laccase, the optimized condition in terms of catalyst loading (2, laccase or 2⊂laccase) was selected for each immobilization method. For each tested condition of the three methods A, B and C, the combination of 2 with UNIK157 is more efficient than with UNIK71 (or LAC3) maybe due to the shorter distance between Pd and Cu II active site in UNIK157. Moreover, this catalytic difference between two orientations (UNIK71 and UNIK157) is more obvious than that in homogeneous condition maybe due to the fixation of catalysts onto the foams. Besides, all the co-immobilized hybrid catalysts from three methods have a good stability and reusability. However, among the three methods used, method C appears as the most controllable since the ratio of Pd to laccase and the number of Pd around laccase was fixed to one. Thus, the catalytic species in this system are controlled as Pd(II) ions, avoiding the aggregation of Pd.

In order to get more insights on the effect of distance between Pd and Cu II active sites, we tried the palladium complexes with different arm lengths (complex 3 and 4) for immobilization.

Unfortunately, we only have some preliminary results for this point. From this perspective, it is meaningful to better study the distance between the two catalysts, and tuning the arm length in the Pd complex is one direct approach. Therefore, more efforts should be made to complete all the characterizations of complexes and verify the observed catalytic difference between the complexes with different arm lengths.

Altogether, within this research work, the heterogeneous catalysts with immobilized laccase or co-immobilized Pd and laccase were constructed and evaluated (Scheme 1). We focused on the control and organization of catalytic partners to a great content, including the study of various catalyst loadings and orientations. The distance of enzyme/silica foam (d1), enzyme/ enzyme (d2) and Pd/enzyme (d3) seems to be an important factor to modulate the final activity of heterogeneous catalysts. Generally, d1 depends on the linkers for enzyme immobilization and it affects the flexibility of the immobilized enzyme; d2 depends on the loaded amount of enzyme and it affects the conformation of the immobilized enzyme within the foams; d3 is a key point for the electron transfer from Pd to laccase active site and it can be tuned by the graftable moieties in the palladium complex and the orientation of enzyme. Through a series of modulation and comparison, an optimized catalyst loading was obtained for either enzyme immobilization or co-immobilization of Pd(II) and laccase. Moreover, the effect of catalyst orientations was preliminary concluded for the final catalytic activity. This work is an effective proof of concept for controlling the organization of catalytic partners (Pd/laccase/silica foams) within a heterogeneous hybrid system.

Laccase-based heterogeneous catalyst

Co-immobilized Pd and laccase (method C) Scheme 1 Representation of the laccase-based heterogeneous catalyst and co-immobilized Pd and laccase, including the catalyzed reaction and the possible distances in the heterogeneous system.

between two catalysts [3]. In this context, Pd-catalyzed intermolecular oxidative amination of alkenes with molecular oxygen as green terminal oxidant, offer great opportunity to construct nitrogen-containing heterocycles under mild conditions [4]. With an optimized combination of palladium complex and enzyme, the tandem reaction (e.g. Dynamic kinetic resolution) can also be used for evaluation of synergy between two catalysts.

Due to the characteristic monolith of Si(HIPE), we performed the catalytic reactions using a homemade column and continuous flow system. To further improve this system, it is possible to prepare the silica foam in a stainless column and then followed with the immobilization of different catalysts. This kind of column can be connected with the detection instruments (e.g. HPLC) directly, allowing the kinetic evaluation easily. The continuous flow catalysis enlarges the advantage of heterogeneous catalysts, such as the recycle of catalyst.

There are still some work to improve this project, for better control and organize the catalytic partners as well as increase the catalytic efficiency. Our results in hand already provide a good basis for the following work.

Materials and instruments

Tetraethyl-orthosilane (TEOS), tetradecyltrimethylammonium bromide (TTAB), dodecane, hydrochloric acid (37%), glutaraldehyde Grade I 25% in H2O (wt. %), ( All the instruments used in this project are listed as following:

-Silica foam morphology is observed by scanning electron microscopy (ZEISS Gemini SEM 500) at 3.0 kV.

- 29 Si NMR spectrum is obtained by solid-state NMR spectroscopy on a Bruker Avance III WB 400 spectrometer (9.4 Tesla).

-1 H NMR spectrum is collected on a BRUKER Avance III nanobay spectrometer -400 MHz (9.4 Tesla magnet) equipped with a BBFO +probe and a 120-position sample changer.

-Nitrogen sorption experiments for silica foams are recorded on a Micromeritics TriStar II 3020.

-Fourier Transform Infrared Spectroscopy measurements are assessed with a Nicolet 6700 FT-IR spectrometer.

-Elemental analysis is conducted on a FlashEA 1112 elemental analyzer.

-Single-crystal X-ray diffraction (XRD) data is collected on a Rigaku Oxford Diffraction with Atlas S2 CCD 135mm detector.

-Mass spectrum are carried out on the 3200 Q-TRAP mass spectrometer (AB Sciex) equipped with ionization sources at atmospheric pressure (ESI).

-TEM micrographs are taken with a JEM-2000EX transmission electron microscope at 120 kV.

-Florescence spectrum is obtained from Leica DM500 Fluorescence Microscope -ESR analysis is conducted by Bruker ELEXSYS-II E500 instruments at 120 K.

-Absorbance is recorded on Agilent Cary 60 UV-Vis spectrophotometer.

-Pd and Cu content is analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, AtomScan16, TJA Co.).

-Agilent HPLC (High Performance Liquid Chromatography) is used for the analysis of the product of alcohol oxidation. Analyses are run at 25℃ using a C18 column and a UV detector.

Preparation of Si(HIPE) and surface functionalization 2.1 Preparation of Si(HIPE) monoliths

HIPE is designated for High Internal Phase Emulsion. Hierarchized silica foam synthesis is adapted from Carn et al. [1] (Scheme 1). Typically, tetraethyl-orthosilane (TEOS, 5 g) are added to a 16 g of an aqueous solution of tetradecyltrimethyl ammonium bromide (TTAB) (35% w/w), 5 g of 37% HCl are then added. The aqueous solution is kept under manual stirring in a mortar for 5-10 minutes. After adding 35 g dodecane drop-by-drop to the above solution, the resulting emulsion is transferred into small hemolysis tubes and left for condensation at room temperature for 10 days. The resulting monoliths are washed three times with THF/acetone (1:1) and dried at room temperature for one week. Finally, the monoliths are calcinated in an oven equipped with control temperature (650°C for 6h in air: 2°C min -1 with a plateau at 180°C for 2h; the cooling temperature is driven by the oven inertia).

Scheme 5 Synthesis procedure of Si(HIPE). Adapted from the thesis of Armand Roucher [2].

and 990 μL of 2.5 mM ABTS is freshly prepared in acetate buffer (100 mM, pH 5.7). The enzyme is added to initiate the reaction. One unit (U) of laccase is defined as one micromole of substrate oxidized per minute in these described conditions. The specific activity (S.A.) is defined as the number of unit (U) divided by the amount of laccase (mg). The molecular weight of laccase is 84 kDa [7].

SDS-PAGE

Standard sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (7.5% acrylamide) is used for the separation of denatured protein samples (5 min at 100°C in Laemmli loading buffer, contains Dithiothreitol, DTT). 5 μg of each sample are loaded on gel after thermal denaturation under reducing conditions (5 mins). The gels are then stained with Coomassie and decolorized with H2O.

ESR

Spectra are obtained using a BRUKER EMX9/2.7 spectrometer equipped with a B-VT 2000 digital temperature controller (100-400 K). 100 µL, 100 µM free enzyme (UNIK71 and UNIK157) and functionalized enzyme (2⊂UNIK71 and 2⊂UNIK157) in 100 mM acetate buffer pH 5.7 are first prepared in air and analyzed as frozen solutions (120 K). The set is following: temperature 120 K, microwave power 20 mW and modulation 5.0 G.

Enzyme functionalization with glutaraldehyde or palladium complex

Functionalization procedure

The chemical modification of LAC3 and UNIK variants is adapted from the procedure described by McFarland and Francis [8].

Functionalization with glutaraldehyde

Primary amino groups of lysine present at the surface of laccase are reacted with glutaraldehyde under reducing conditions. In a 10 mL round-bottomed flask, equipped with a magnetic stirring bar, 200 μL of a 625 μM laccase solution in buffer A (0. Yield of the functionalization is determined by the DNPH colorimetric assay (section 5.2).

Modified enzymes with glutaraldehyde are labeled as Enzyme-CHO (e.g. LAC3-CHO, UNIK71-CHO or UNIK157-CHO).

Functionalization with palladium complex

The procedure is similar to that of glutaraldehyde. 100 μL of a 5.0 mM palladium complex stock solution (4 eq.) in DMSO is added into the reaction solution. The reaction is carried out for 72h at 25°C with permanent stirring (Fig. 1). One different point is that the reaction solution is loaded on a desalting column (Sephadex G25) pre-equilibrated with acetate buffer containing 100 mM NaCl after stirring. The fractions containing the enzyme are collected and loaded onto ultrafiltration device for desalting and buffer exchange, using buffer B (100 mM sodium acetate buffer pH 5.7). The efficiency of the functionalization was evaluated from the ratio of the relative absorbance of the palladium (ε340 = 2.7x10 4 M -1 cm -1 ) and that of the enzyme (ε610 = 5.6x10 3 M -1 cm -1 ).

The weak enzyme absorbance at 340nm should be excluded from the grafted enzyme.

Modified enzymes with palladium complex are labeled as followed: Complex name ⊂enzyme: e.g. 2⊂UNIK71, 2⊂UNIK157 or 3⊂UNIK157, 4⊂UNIK157.

Aldehyde quantification of the modified Enzyme-CHO

Aldehyde quantification for Enzyme-CHO is determined by the DNPH (2,4-Dinitrophenyl Hydrazine) colorimetric assay using 4-Ethynylbenzaldehyde as standard [9]. 

Synthesis of palladium complexes

ESI-MS:

[M+H] + m/z: calculated 601.25, found: 601.2543

Deprotection

The deprotection of ligand is adapted from a mild and powerful method, using cerium (IV) ammonium nitrate as the catalyst [10]. the excess enzyme. Enzyme loading is calculated by subtracting the detected enzyme in residual and wash solution from the initial impregnation solution (based on the T1 copper).

The residual and wash solution are filtered before detecting concentration.

Covalent binding

The HCO@Si(HIPE) (about 50 mg) is introduced in a mixture containing 3 mL of DPBS buffer pH 7.0 and the laccase at a desired concentration. The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. The foams are then washed three times with DPBS buffer solution (3mL, 3x 10 min) to remove the excess enzyme. Different initial enzyme concentrations ranging from 50 mg L -1 to 2000 mg L -1 for LAC3 and its variants UNIK157 and UNIK71 are used for immobilization. Enzyme loading is calculated by subtracting the detected enzyme in residual and wash solution from the initial impregnation solution (based on the T1 copper). The residual and wash solution are filtered before detecting concentration. The bound amount is verified by the quantification of copper ions using ICP-MS.

Palladium complex immobilization

Two methods are used for palladium complex immobilization.

First method: A NH2@Si(HIPE) monolith (about 50 mg) is introduced in 10 mL CH2Cl2 with 50 mg DL2 under vacuum for 10 minutes and kept the bottle sealed overnight (without vacuum). After that, the foam with ligand is taken out from the CH2Cl2 and washed three times with CH2Cl2 (3×3mL). The foam with ligand is dried at 80 ℃ overnight. Then the foam is introduced in 4 mL CH2Cl2 with 7.0 mg Pd(OAc)2 salt under vacuum for 10 minutes and kept the bottle sealed overnight (without vacuum) overnight. Finally, the foam is washed with CH2Cl2 (3×3mL) and water (3×3mL).

Second method: A NH2@Si(HIPE) monolith (about 50 mg) is introduced in a mixture containing 3 mL of DMSO and palladium complex at a desired concentration (higher than 100 μM). When initial palladium concentration is lower than 100μM, the solvent for impregnation is 90% DPBS+10% DMSO. The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. Finally, the foam is washed three times with DMSO (3mL, 3x10 min) to remove the excess palladium complex. Palladium complex loading is calculated by subtracting the detected palladium in the residual and washing solution from the initial impregnation solution (based on the absorbance at 340 nm). The bound amount is verified by the quantification of palladium ions using ICP-MS. The immobilized complex is named as 2@NH2@Si(HIPE) and further used for hybrid catalyst immobilization.

Palladium particles immobilization

For a typical method (Fig. 3), about 50 mg of NH2@Si(HIPE) monolith is introduced into K2PdCl4 solution in deionized water (0.01 mol L -1 ) [11]. The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. The foam turns brownish. It is then re-immersed in water (15 mL), followed by slow addition of a NaBH4 suspended in water (0.1M, 5 mL), and placed under vacuum for another 1 hour. The foam turns dark attesting for Pd reduction. Finally, the foam is washed with water and dried overnight under vacuum. The presence of Pd particles is visualized by EDX and the Pd loading is determined by ICP-MS. The immobilized palladium particle is named as PdNPs@NH2@ Si(HIPE). 

Hybrid catalyst immobilization

For the immobilization of hybrid catalyst, the similar procedure is adapted as mentioned before.

Three strategies are adapted for the co-immobilization of enzyme and palladium complex (Scheme 3-I-3).

For method A:

Step 1: This is the same procedure for the immobilization of palladium complex (section 7.2, second method.) NH2@Si(HIPE) monolith (about 50 mg) is introduced in a mixture containing 3 mL of DMSO and palladium complex at a desired concentration (higher than 100μM). When initial palladium concentration is 100μM, the solvent for impregnation is DPBS/DMSO(9/1).

The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. Finally, the foams are washed three times with DMSO to remove the excess palladium complex and dried in an oven 80℃ overnight. Palladium complex loading is calculated by subtracting the detected palladium in the residual and wash solution from the initial impregnation solution (based on the absorbance at 340 nm). The resulting foams are named as 2@NH2@Si(HIPE)

Step 2: The obtained monolith 2@NH2@Si(HIPE) is then introduced in a mixture containing 3 mL of DPBS buffer pH 7.0 and the laccase at 1000 mg L -1 . The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. The foam is then washed three times with DPBS buffer solution (3mL, 3x 10 min) to remove the excess enzyme. Enzyme loading is calculated by subtracting the detected enzyme in residual and wash solution from the initial impregnation solution (based on the T1 copper). The residual solution and washing solution are filtered before detecting concentration. The resulting supported hybrid catalysts are named as LAC3/2@NH2@Si(HIPE), UNIK71/2@NH2 @Si(HIPE), UNIK157/2@NH2@Si(HIPE).

For method B:

Step 1: A NH2@Si(HIPE) monolith (about 50 mg) is first introduced in a mixture containing 3 mL of DPBS buffer pH 7.0 and the UNIK71-CHO or UNIK157-CHO at a desired concentration. The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. The foams are independently washed three times with DPBS buffer solution (3mL, 3x 10 min) to remove the excess enzyme. Enzyme loading is calculated by subtracting the detected enzyme in residual and wash solution from the initial solution (based on the T1 copper). The residual solution and wash solution are filtered before detecting concentration. The bound amount is also verified by the quantification of copper ions using ICP-MS. The obtained foams are named as UNIK71-CHO@NH2@ Si(HIPE) and UNIK157-CHO@NH2@Si(HIPE).

Step 2: The UNIK71-CHO@NH2@Si(HIPE) and UNIK157-CHO@NH2@Si(HIPE) foam are then introduced in 100μM or 20μM Pd complex 2 solution (10% DMSO+90% DPBS). times with PBS, the sections are incubated for another 2 hours at room temperature with the secondary anti rabbit antibody conjugated with Au (Protein A-gold 10 nm), diluted (1/200) in 0.5% BSA-PBS. The sections are washed 5 times with PBS, then washed 5 times with distilled water and finally observed and photographed in the TEM.

For fluorescence immunostaining method, the procedure is similar as before. The second antibody is changed to Donkey anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, DyLight 488. The sections are observed by fluorescence microscope.

Preparation of the column for unidirectional catalysis

The silica monoliths with immobilized catalysts (e.g. enzyme, palladium complex, Pd particles or co-immobilized enzyme and palladium complex) are surrounded with PTFE tape (Ref. 170-6620 and 170-6636) and carefully introduced inside an empty plastic syringe in order to ensure that substrate flow through the foam. We adjust the diameter of the PTFE tape by heating with a hair dryer to make it suitable for the silica material. A recycling enzyme reactor is set up, consisting of the homemade column, a peristaltic pump, and the substrate solution dissolved in 100 mM acetate aerated buffer, pH 5.7 (Fig. 4). In a typical experiment, the total volume of the reaction mixture is 15 mL with a flow rate set at 3 mL min -1 at room temperature. Before starting catalysis, pure buffer is applied for 30 minutes in the whole system to wash out the unbound catalyst. After each cycle, the column is disconnected and the system washed with ethanol then distilled water. Acetate buffer is then used to wash the whole system (with the column connected). Fig. 4 Homemade column (left) and homemade system (right) for dye decolorization. min) (step A). Then, monoliths are incubated with 1 % Triton X100 in buffer (3 mL min -1 unidirectional flow for 1 hour) and further washed with buffer (3 mL min -1 unidirectional flow for 30 min) (step B). Alternatively, monoliths are incubated with 1 mg L -1 NaBH4 M in buffer (3 mL min -1 unidirectional flow for 1 hour) and washed with buffer (3 mL min -1 unidirectional flow for 30 min) followed by 1M NaCl and 1% TritonX100 buffered solution incubation and further washed with buffer (step C). After each step, laccase concentration in the supernatant is measured with a Bradford assay and activity toward RB5 decolorization tested.

pH tolerance

pH tolerance is assessed by measuring ABTS oxidation with the set-up previously described (see Section 8.1). Before measuring, pure buffer is applied for 30 minutes in the whole system to wash out the unbound enzyme. Oxidation is performed using two buffers with pH set at different values: 100 mM acetate buffer (from pH 4.0 to pH 5.7) and 100 mM sodium phosphate buffer (from pH 6.0 to pH 7.0). Oxidation of ABTS is followed at 420 nm as a function of time (5 min).

Dioxygen consumption

Dioxygen consumption is measured by NeoFox system using an Ocean Optics oxygen sensor probe fitted to a temperature-controlled 50 mL tube. The cycle system is set up with the ascorbic solution (100 mM) or ABTS solution (2.5 mM) in the plastic flacon, which is incubated in a water bath controller set at 25°C. Before measuring, pure buffer is applied for 30 minutes in the whole system to wash out the unbound enzyme. Dioxygen initial concentration at 25°C is 250 μΜ [12].

Aerobic oxidation of veratryl alcohol 10.1 In homogeneous condition

The activity of all the Pd complex in homogeneous condition is detected by the oxidation of veratryl alcohol (Fig. 5). This experiment is performed in 2 mL tube at 25 °C with gentle constant shaking. Freshly prepared complex solution (1, 2, 5, 25 or 50 μM based on palladium) is incubated with veratryl alcohol (100 mM) in 1 mL 100 mM acetate buffer pH 5.7 (with 5% DMSO) for 24 hours. When enzyme is present, 5 μM are added to the mixture. After reaction, Mots clés:Métalloenzyme artificiel, catalyseur hétérogène, palladium, laccase, oxydation aérobie, alcool veratrylique, décoloration de colorants.

Abstract:Heterogeneous catalysts are now widely developed to obtain improved stability, reusability, and localization. In this view, we first prepared the enzyme-based heterogeneous catalysts by the immobilization of a fungal laccase containing only two spatially close surface lysines (K40, K71) and its variants containing a unique lysine -one located in the vicinity of the substrate oxidation site (K157) and one at the opposite side of this oxidation site (K71)-into Si(HIPE) type silica foams bearing controlled porosities. Immobilization was achieved by a covalent bond forming reaction between the enzyme and the low glutaraldehyde activated foam. Testing dye decolorization in a continuous flow reactor, we show that the activity of the heterogeneous catalyst is comparable to its homogeneous counterpart. Its operational activity remains as high as 60 % after twelve consecutive decolorization cycles and one-year storage. More importantly, comparing activities on different substrates for differentially oriented catalysts, we show a two-fold discrimination for ABTS relative to ascorbate. In addition, artificial metalloenzymes can use the advantages of both metallic and enzymatic catalysts to perform aerobic oxidation in a sustainable fashion. We thus co-immobilized a biquinoline-based-Pd(II) complex and laccase into silica monoliths for veratryl alcohol oxidation. To address the control of reactivity, three methods of immobilization were used for the construction of the heterogeneous hybrid catalysts. The immobilized hybrid catalysts show an improved activity compared to the immobilized Pd complex alone for each tested method, attesting for the synergy between Pd and laccase. By tuning enzyme orientation towards Pd(II) complex and silica foam, we show that the activity of the Pd(II)/UNIK157 hybrid exhibits an averaged two-fold increase compared to Pd(II)/UNIK71. A good stability and reusability is observed for both enzyme orientations. This study provides insights into the use of solid supports that beyond allowing stability and reusability becomes synergistic partners in the catalytic process.

Keywords:Artificial metalloenzyme, heterogeneous catalyst, palladium, laccase, aerobic oxidation, veratryl alcohol, dye decolorization.
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Fig. 1 - 1

 11 Fig. 1-1 Four general approaches to artificial metalloenzyme assembly (a) Dative coordination with an unsaturated metal complex. (b) Metal substitution. (c) Supramolecular coordination using a high-affinity anchor. (d) Covalent attachment. Adapted from Ref.[37] 

Fig. 1 - 2

 12 Fig. 1-2 Alcohol oxidation by Pd-ferritin artificial catalyst [50].

Fig. 1 - 3

 13 Fig.1-3General concept and advantages of enzyme-metal nanoparticles nano-biohybrids. Adapted from Ref.[START_REF] Palomo | Nanobiohybrids: A New Concept for Metal Nanoparticles Synthesis[END_REF] 

Fig. 1 - 4

 14 Fig. 1-4 Aerobic oxidation of alcohol by a Pd/laccase hybrid system [61].

Fig. 1 - 5

 15 Fig. 1-5 Methods for enzyme and metal complex immobilization [74].

Fig. 1 - 7

 17 Fig. 1-7 Three-dimensional model of POXC with accessible lysine residues shown as stick.The protein is shown from two different angles, wherein the access to the active site is indicated by a red arrow. T1 copper is shown as a magenta sphere. Copper atoms of the trinuclear cluster are displayed as cyan spheres[START_REF] Pezzella | Immobilization of a Pleurotus Ostreatus Laccase Mixture on Perlite and Its Application to Dye Decolourisation[END_REF].

Fig. 1 - 8

 18 Fig. 1-8 Scheme of the possible effects of immobilization conditions in the preparations of lowly (left) and highly (right) loaded lipase biocatalysts [142].

Fig. 1 -

 1 Fig.1-10 Synthetic strategy for the construction of the hybrid catalyst. In the first step the free amine groups of the Pd0-AmP-MCF are post-functionalized with a dialdehyde linker by a Schiff-base forming reaction. In the final step, the other end of the supported dialdehyde is used as a handle for the anchoring of the enzyme to the support by yet another Schiff-base forming reaction[START_REF] Engström | Co-Immobilization of an Enzyme and a Metal into the Compartments of Mesoporous Silica for Cooperative Tandem Catalysis: An Artificial Metalloenzyme[END_REF].

  Filice, et al. have constructed an heterogeneous artificial lipase-palladium metalloenzyme (lipase as scaffold) for two sets of Heck cross-coupling reactions under different conditions (Fig.1-11)[START_REF] Filice | Preparation of an Immobilized Lipase-Palladium Artificial Metalloenzyme as Catalyst in the Heck Reaction: Role of the Solid Phase[END_REF]. The lipasepalladium protein was immobilized on C≡C, Octyl or CHO activated supports, forming different orientations towards the supports. The presence of lipase, providing an enzyme environment as well as the hydrophobic properties of solid support leads to an efficient activity of immobilized lipase-Pd protein compared to the soluble Pd catalyst. More, based on the asymmetric Heck cross-coupling reaction between halobenzene and 2,3-dihydrofuran, this heterogeneous artificial metalloenzyme has excellent stereo-and enantio-selectivity.

Fig. 1 -

 1 Fig. 1-11 Preparation of an immobilized Lipase-Palladium artificial metalloenzyme as catalyst in the Heck reaction. Adapted from[START_REF] Filice | Preparation of an Immobilized Lipase-Palladium Artificial Metalloenzyme as Catalyst in the Heck Reaction: Role of the Solid Phase[END_REF] 

Fig. 1 -

 1 Fig. 1-12 Solid-phase synthesis of artificial metallo-lipase and the detected reactions. (I) Purification by reversible adsorption of the GTL* mutant on the solid support; (II) site-directed chemical modification with 1 and insertion of catalytic metal; (III) metallo-lipase desorption. [65].

Fig. 1 -

 1 Fig. 1-13 The two reactions catalyzed by biohybrid catalyst, Pd(0)-CalB CLEA.

Fig. 1 -

 1 Fig. 1-14 Schematic representation of the cross-section of a microchannel in a) packed-bed, b) monolithic, and c) wall-coated microreactors [173].

Fig. 1 -

 1 Fig. 1-15 Scheme of T1 (Cu 1) and T2/T3 (Cu 4/Cu 2-Cu 3) copper sites of laccase, with indicative distances between the most important atoms [175].

Fig. 1 -

 1 Fig. 1-16 Mechanism of the multicopper oxidases [183].

Fig. 1 -

 1 Fig. 1-17 Schematic representation of reaction catalyzed by laccase. a direct oxidation: the substrate is oxidized to the corresponding radical as a result of direct interaction and b indirect oxidation: the substrate is oxidized in the presence of a mediator [182].

Fig. 1 -

 1 Fig. 1-18 Chemical structures of some representative artificial (left) and lignin-derived natural mediators (right).

Fig. 2 - 1

 21 Fig. 2-1 Model of the structure of LAC3 with the three possible locations of lysine in either the native enzyme (K71 and K40) or its variants UNIK157 (R157 being replaced by K157) and UNIK71. View generated with PyMol. Orange balls are representing the copper ions of the active site.

  2-2), we can easily recognize the typical hollow spherical aggregated structures of Si(HIPE). Two sets of open porosity are observed: the one being at the surface of the macroscopic walls is internal junctions (red arrow in the figure), and the one being at the interstices between adjacent cells is external junctions (green arrow in the figure)

Fig. 2 - 2

 22 Fig. 2-2 SEM (Scanning Electron Microscopy) images of bare silica foams at two different scales. Red arrow: intra-wall pore opening (internal junctions); green arrow: pore-opening from the hollow sphere aggregation (external junction). Samples were dried overnight in an oven (80°C) prior to analysis.
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 26 Fig. 2-6 Infrared spectra obtained for: (a) pristine silica foam; (b) NH2@Si(HIPE); (c) HCO@ Si(HIPE). Samples were dried overnight in an oven (80°C) prior to analysis.

Fig. 2 - 8

 28 Fig. 2-8 Homemade column (left) and homemade system (right) for dye decolorization.

Fig. 2 - 9

 29 Fig. 2-9 Substrates and redox mediator used in this study. Reactive Black 5 (RB5) Remazol Brillant Blue R (RBBR), ABTS, Ascorbic acid (Asc) and HBT.

Fig. 2 -

 2 Fig. 2-10 Decolorization of RB5 (25 mg L -1 ) in acetate buffer (100 mM, pH 5.7).• HCO@Si(HIPE) alone; • LAC3@HCO@Si(HIPE) (8.2 mg g -1 ); • LAC3@HCO@Si(HIPE) (8.2 mg g -1 ) with 1.5mM HBT in solution • three successive 24 hour decolorization cycles for co-immobilized LAC3 and HBT. Flow rate: 3.0 mL min -1 .

Fig. 2 -

 2 Fig. 2-11 A. Cycles performed with free LAC3 and LAC3 immobilized onto HCO@Si(HIPE) for decolorization of RB5. The first 10 cycles (24h each) cover a period of continuous use. B.Comparison of the specific activity for four averaged five hours cycles operated with 4.9, 8.2, 19.8 and 34.3 mg g -1 immobilized laccase (S.A. for free enzyme towards RB5 decolorization is 5.3x10 -3 U mg -1 ). Flow rate: 3.0 mL min -1 .

Fig. 2 -

 2 Fig. 2-12Decolorization of RB5 (25 mg L -1 ) in acetate buffer (100 mM, pH 5.7) by LAC3@ HCO@Si(HIPE) (8.2 mg g -1 ). • first cycle of decolorization (co-immobilized HBT); • after one-year storage (co-immobilized HBT); • after one year storage and reloaded with 3 mM HBT. Flow rate: 3.0 mL min -1 .

Fig. 2 -

 2 Fig. 2-15 UNIK71 and UNIK157 loads for HCO@Si(HIPE) as function of the initial enzyme concentration in the impregnation solution.

Fig. 2 -

 2 Fig. 2-16Evolution of specific activity (S.A.) as function of enzyme loads. Measures taken after three consecutive 5 hours HBT-mediated RB5 (25 mg L -1 ) decolorization cycles in acetate buffer (100 mM, pH 5.7). Laccases bound onto HCO@Si(HIPE). Flow rate: 3.0 mL min -1 . Lines are not fitting curves.

Fig. 2 -

 2 Fig. 2-20 SDS PAGE (7.5 %) analysis of the time course modification of laccases by reductive amination in the presence of glutaraldehyde: A. LAC3; B. UNIK157 and C. UNIK71. 5 g of reaction mixture were loaded per well as a function of time (from 0 to 72h). Gels were stained with Coomassie Blue. Mw: molecular weight markers in kDa; h : hours; c: control experiment with the unreacted laccase.

Fig. 2 -

 2 Fig. 2-21 Decolorization of RB5 (25 mg L -1) by Enzyme-CHO variants immobilized onto NH2@Si(HIPE) in acetate buffer (100 mM, pH 5.7). Loading for UNIK71-CHO is 7.8 mg g -1 , for UNIK157-CHO is 8.6 mg g -1 . Flow rate: 3.0 mL min -1 .

Fig. 2 -

 2 Fig. 2-22 pH activity profiles (ABTS oxidation) for both immobilized and free UNIK71 and UNIK157 laccases. A. Relative activity observed for each enzyme as a function of pH. 100 % is the maximum activity for each enzyme. B. Specific activity (S.A.) measured for immobilized UNIK71 and UNIK157.[ABTS] = 2.5 mM. Free UNIK71, UNIK157, UNIK71@ HCO@Si(HIPE) (1.3 and 6.3 mg g -1 ) and UNIK157@HCO@Si(HIPE) (4.1 and 7.3 mg g -1 ). Average of three independent measurements. Flow rate: 3.0 mL min -1 .

Scheme 3 -I- 1

 31 Scheme 3-I-1 Synthesis procedure for biquinoline-based Pd(II) complex 2. a. Protected ligand synthesis (L2): 3.0 eq. -Br, DMSO, 40℃ 26 h plus rt. 68 h; b: Deprotection (DL2): 7.5 eq. CAN, Acetonitrile/borate buffer (0.1 M, pH 8.0), 70℃, 20 min; c: Complex 2 synthesis: 1.1 eq. PdCl2(CH3CN)2, CH2Cl2, rt. 24h.

Fig. 3 -

 3 Fig.3-I-11 H NMR spectra (aromatic and aldehyde part) of ligand (DL2) and complex 2.

Fig. 3 -

 3 Fig. 3-I-2 A: UV-Vis of complex 2 (20 μM in DMSO); B: FT-IR of complex 2. The sample was dried in an oven at 80 ℃ overnight prior to analysis.

Fig. 3 -I- 3

 33 Fig. 3-I-3 Labeled diagram of the complex 2.

Scheme 3 -I- 2

 32 Scheme 3-I-2 General procedure for the synthesis of biquinoline-based complexes. a. Protected ligand synthesis: 2.5 eq. -Br, DMSO, 40℃ 26 h + rt. 68 h. L3 (n=2) and L4 (n=4); b: Deprotection: 7.5 eq. CAN, Acetonitrile/borate buffer (0.1 M, pH 8.0), 70-80℃, 20 min. DL3 (n=2) and DL4 (n=4); c: Complex synthesis: 1.1 eq. PdCl2(CH3CN)2, CH2Cl2, rt. 24h. 3 (n=2) and 4 (n=4).

Fig. 3 -Fig. 3 -

 33 Fig. 3-I-4 SDS PAGE (7.5 %) time course modification of laccases by reductive amination with Pd(II) complex: A. 2⊂UNIK71; B. 2⊂UNIK157. Mw: Molecular weight markers in kDa; C: control experiment with the unreacted corresponding laccase.

Fig. 3 -

 3 Fig. 3-I-6 X-band ESR spectra of frozen solutions. Temperature 120 K, microwave power 20 mW, modulation 5.0 G. The concentration of enzyme and 2 functionalized one is 100 μM in acetate buffer 100 mM pH 5.7.

Fig. 3 -I- 8

 38 Fig. 3-I-8 Complex 2 loads for NH2@Si(HIPE) as function of the initial Pd concentration in the impregnation solution.

- 11 .

 11 Compared with the SEM image of the bare Si(HIPE) (chapter 2, Fig. 2-2), the typical hollow spherical aggregated structures of Si(HIPE) is maintained in the foam after the immobilization of both complex 2

Scheme 3 -Ⅰ- 4

 34 Scheme 3-Ⅰ-4 Post embedding immunostaining procedure used for TEM or fluorescence observation of laccase.

  homogeneously distributed black spots corresponding to Au particles is clear (Fig 3-Ⅰ-21 C-F).To the contrary, images of Si(HIPE) and NH2@Si(HIPE) used as controls to exclude the possibility of non-specific interactions between antibodies and the silica surface are virgin of black spots (Fig3-Ⅰ-21 A,B). Remarkably, each black spot can be directly associated with the presence of a laccase molecule as it has been reported by Piras et al.[21]. From a qualitative observation, the density of gold particles in the foams loaded with 2⊂UNIK71 and 2⊂UNIK157 appears similar. This is in agreement with the loadings calculated for these two catalysts. The joined use of the IGS and TEM provides direct evidences on the presence and location of hybrid catalysts inside the pores of the supported silica foam.

Fig. 3 -

 3 Fig. 3-I-21 TEM immunogold labelling of ultrathin sections (80 nm thick) of A: Si(HIPE), B:NH2@Si(HIPE), C,D: 2⊂UNIK71@NH2@Si(HIPE) and E,F: 2⊂UNIK157@NH2@Si(HIPE) with anti-laccase antibody. Loading for 2⊂UNIK71 or 2⊂UNIK157 is 100 mg g -1 . Note the presence of the laccase gold labeling (black spots).

Fig. 3 -II- 2

 32 Fig. 3-II-2 Veratryl alcohol oxidation in 5% DMSO acetate buffer 100 mM pH 5.7 at 25 ℃ for 24 hours. A: product formation as a function of 2 vs laccase ratio (LAC3, UNIK71 and UNIK157) in solution. [Enzyme] =5 μM, [2]=1 to 50 μM and [substrate]=100 mM; B: Increase in activity (relative to 2) with the bimolecular system as a function of the ratio 2 vs laccase.

Fig. 3 -II- 3

 33 Fig. 3-II-3 Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ by 2 grafted enzyme. A: product formation as function of hybrid concentration. [substrate]=100 mM; [catalyst]=1 to 10 μM; t=24 hours; inset: TON (turn over number)= moles of aldehyde/moles of palladium evolution. B: Kinetic catalytic performance of the 2 functionalized UNIK157 and UNIK71. [substrate]=100 mM; [catalyst]=2 μM.

Fig. 3 -II- 4

 34 Fig. 3-II-4 Evolution of the UV-Vis spectroscopic features of LAC3 in the presence of 2 and substrate. [LAC3]= 57 μM in acetate buffer 100 mM pH 5.7 incubated anaerobically with 1.0 equivalent of 2 and in the presence of 10 mM of veratryl alcohol at different time intervals.

Fig. 3 -II- 5

 35 Fig. 3-II-5 Kinetics obtained after mixing degassed solutions of bimolecular [2/UNIK71], [2/UNIK157], hybrids 2⊂UNIK71 and 2⊂UNIK157 (50 μM each) with an excess of veratryl alcohol (100 mM) in 100 mM acetate buffer pH 5.7 at 25°C. Absorption changes monitored at 610 nm; half-life times of 27.0 ± 0.7 min (± 0.7 stands error fitting), 24.0 ± 0.4 min, 18.0 ± 0.2 min and 12.5 ± 0.2 min were estimated for the bleaching of the T1 site for [2/UNIK71], [2/UNIK157], 2⊂UNIK71 and 2⊂UNIK157 respectively.

Fig. 3 -II- 7

 37 Fig. 3-II-7 Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 by immobilized Pd(II) complex (Route A) at 25 ℃. [substrate] =100 mM; two consecutive cycles, t=24 hours for each cycle. Flow rate: 3.0 mL min -1 .

Fig. 3 -

 3 Fig. 3-II-8 A: Kinetic traces for 2@NH2@Si(HIPE) veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ (2 load = 1.2 μmol g -1 ), Flow rate: 3.0 mL min -1 . B. TON as a function of the load of 2.[substrate] =100 mM; t=24 hours. TON is calculated as the amount of product divided with the amount of palladium in the silica foam.

Fig 3 - 3 -II- 11 .Fig. 3 -

 33113 Fig. 3-II-11A. Catalytic performance of catalysts from method B towards veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃, [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. ■ 2@NH2@ Si(HIPE), ■ 2/UNIK71-CHO@NH2@Si(HIPE), ■ 2/UNIK157-CHO@ NH2@Si(HIPE); ratio 2 vs laccase are respective 15, 5, 3, 1.5 for the four conditions. B. The increase fold of immobilized 2/UNIK71-CHO or 2/UNIK157-CHO to 2 alone. Error bar was calculated from two batches of immobilization.

Fig. 3 -

 3 Fig. 3-II-13Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ by 2/UNIK157-CHO@NH2@Si(HIPE).[substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. A and B stands the catalyst from two different batch of immobilization. A. Kinetic traces for one batch with loading 2 (1.8 μmol g -1 )/UNIK157-CHO (31.6 mg g -1 ). B. Kinetic traces for one batch with loading 2 (1.8 μmol g -1 )/UNIK157-CHO (32.9 mg g -1 ).

Fig. 3 -

 3 Fig. 3-II-15 Kinetic traces for catalysts from immobilization method C at different loadings (based on the functionalized laccase). Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃.[substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. ▲ 2@NH2@Si(HIPE) ■ 2⊂UNIK71@NH2@Si(HIPE) • 2⊂UNIK157@NH2@ Si(HIPE). All the loadings are the average of three immobilization.

Fig. 3 -

 3 Fig. 3-II-16 Reusability for the immobilized 2⊂UNIK71 and 2⊂UNIK157. Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃. [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. Loading for 2⊂UNIK71 and 2⊂UNIK157 is 0.6 μmol g -1 .

Fig. 3 -

 3 Fig. 3-II-17 Kinetic traces of veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ by catalyst for method C. [substrate] =100 mM; flow rate: 3.0 mL min -1 , t=24 hours for each cycle. Loading for 2⊂UNIK71 and 2⊂UNIK157 is 0.6 μmol g -1 .

  Aminopropyl) triethoxysilane (APTES), 2-(2-Bromoethyl)-1,3-dioxolane, 2-(4-Bromo butyl)-1,3-dioxolane, 2,2′-Biquinoline-4,4′-dicarboxylic acid dipotassium salt trihydrate and Bis(acetonitrile) dichloropalladium (II), veratryl alcohol, veratryl aldehyde are purchased from Sigma. 2,2'-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), N-Hydroxy benzotriazole (HBT), Reactive black 5 (RB5), Remazol Brilliant Blue R (RBBR) and silver acetate are purchased from Fisher. 2-(3-Bromopropyl)-1,3-dioxolane is purchased from Tokyo Chemical Industry (TCI). All buffer solutions are made with deionized water. All other chemicals and reagents used in this study are of analytical grade and used without any further purification.

Fig. 1

 1 Fig. 1 Enzyme functionalization with palladium complex through reductive amine reaction adapted from Mc Farland and Francis.

  To a final solution of DNPH 50 μM in water, increasing amount of 4-Ethynylbenzaldehyde are added ranging from 0 to 30 μM. The reaction mixture is allowed to stand for 1h at 25 ℃ and then centrifuged at 7000 rpm for 10 min. The absorbance of unreacted DNPH in the supernatant is measured at λ=360 nm. A standard curve showing the residual absorbance of unreacted DNPH as function of the concentration of 4-Ethynylbenzaldehyde is performed using concentration ranging from 0 to 30 μM. For aldehyde functionalized enzyme quantification, a final enzyme concentration (modified or not) is set at 10 μM based on 610 nm T1 absorption band and submitted to the same treatment. Based on the obtained absorbance at λ=360 nm, the aldehyde concentration is calculated from the standard curve (Fig.2).

Fig. 2

 2 Fig. 2 Colorimetric assay for aldehyde quantification based on DNPH. A. Reaction between the DNPH (2,4-Dinitrophenyl Hydrazine) and 4-Ethynylbenzaldahyde. B. UV-Vis obtained for 4-Ethynylbenzaldahyde with DNPH. [DNPH] = 50 μΜ in water and the concentration of 4-Ethynylbenzaldahyde ranging from 0 to 30 μM. C. Standard curve obtained for 4-Ethynylbenzaldahyde and used for aldehyde quantification.

6. 1

 1 Ligand synthesisLigand 2 (L2): To 1.5 g (3.2 mmol) of 2,2′-Biquinoline-4,4′-dicarboxylic acid dipotassium salt trihydrate slurried in 40 mL DMSO, 1.85 g (9.5 mmol, 3 eq.) of 2-(3-Bromopropyl)-1,3dioxolane are added at room temperature under N2. The mixture is stirred at 40°C in the dark for 26 h and then for additional 68 h at room temperature, after which it is quenched upon cooling with 200 mL of water. Then 200 mL CH2Cl2 is added to the mixture. The organic layer is separated and washed with water (3x100 mL) to remove the excess DMSO. The organic layers are combined, dried with Na2SO4 and evaporated to dryness. Recrystallization from CH2Cl2/ Petroleum ether (10:1) yields pure L2 (1.2 g, 56%) as a white solid without other processing. L 2: 1H NMR (400 MHz, Chloroform-d) δ 9.23 (s, 2H), 8.71 (d, J = 8.5 Hz, 2H), 8.26 (d, J = 8.5 Hz, 2H), 7.75 (ddd, J = 8.4, 6.9, 1.4 Hz, 2H), 7.62 (ddd, J = 8.4, 6.9, 1.4 Hz, 2H), 4.94 (t, J = 4.5 Hz, 2H), 4.51 (t, J = 6.7 Hz, 4H), 3.99 -3.88 (m, 4H), 3.87 -3.76 (m, 4H), 2.05 -1.95 (m, 4H), 1.90 -1.82 (m, 4H) ESI-MS: [M+H] + m/z: calculated 573.22, found: 573.2230 Elemental analysis calculated (%) for the C32H32N2O8 is C, 67.12; H, 5.63; N, 4.89. Found (%) is C, 67.65; H, 5.1; N, 5.25, respectively. Ligand 3 (L3): To 1.0 g (2.1 mmol) of 2,2′-Biquinoline-4,4′-dicarboxylic acid dipotassium salt trihydrate slurried in 40 mL DMSO, 0.95 g (5.25 mmol, 2.5 eq.) of 2-(2-Bromoethyl)-1,3dioxolane are added at room temperature under N2. The mixture is stirred at 40°C in the dark for 26 h and then for additional 68 h at room temperature, after which it is quenched upon cooling with 200 mL of water. Then 200 mL CH2Cl2 is added to the mixture. The organic layer is separated and washed with water (3x100 mL) to remove the excess DMSO. The organic layers are combined, dried with Na2SO4 and evaporated to dryness. The crude product is then purified by column chromatography on silica gel with a 5:1 mixture of CH2Cl2:EtOAc as eluent to give L3 (0.5 g, 44%) as a white solid. L 3: 1H NMR (400 MHz, Chloroform-d): δ 9.30 (s, 2H), 8.79 (dd, J = 8.6, 0.8 Hz, 2H), 8.30 (ddd, J = 8.4, 1.4, 0.6 Hz, 2H), 7.81 (ddd, J = 8.4, 6.9, 1.4 Hz, 2H), 7.68 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 5.17 (t, J = 4.5 Hz, 2H), 4.69 (t, J = 6.6 Hz, 4H), 4.11 -4.01 (m, 4H), 3.98 -3.89 (m, 4H), 2.30 (td, J = 6.6, 4.5 Hz, 4H). ESI/MS: [M+H] + m/z: calculated 545.18, found: 545.1919 Ligand 4 (L4): To 0.1 g (0.2 mmol) of 2,2′-Biquinoline-4,4′-dicarboxylic acid dipotassium salt trihydrate slurried in 20 ml DMSO, 0.1 g (0.5 mmol, 2.5 eq.) of 2-(4-Bromobutyl)-1,3dioxolane are added at room temperature under N2. The mixture is stirred at 40°C in the dark for 26 h and then for additional 68 h at room temperature, after which it is quenched upon cooling with 200 mL of water. Then 200 mL CH2Cl2 is added to the mixture. The organic layer is separated and washed with water (3x100 mL) to remove the excess DMSO. The organic layers are combined, dried with Na2SO4 and evaporated to dryness. Recrystallization from CH2Cl2/ Petroleum ether (10:1) yields pure L4 (80 mg, 67 %) as a white solid without other processing. L 4: 1H NMR (300 MHz, Chloroform-d) δ 9.31 (s, 2H), 8.79 (ddd, J = 8.6, 1.5, 0.6 Hz, 2H), 8.34 (ddd, J = 8.5, 1.4, 0.7 Hz, 2H), 7.82 (ddd, J = 8.4, 6.9, 1.5 Hz, 2H), 7.70 (ddd, J = 8.3, 6.9, 1.4 Hz, 2H), 4.94 (t, J = 4.5 Hz, 2H), 4.54 (t, J = 6.6 Hz, 4H), 4.02 -3.92 (m, 4H), 3.92 -3.83 (m, 4H), 1.98 (p, J = 6.8 Hz, 4H), 1.87 -1.78 (m, 4H), 1.77 -1.64 (m, 4H).

Deprotection of Ligand 2 (

 2 DL2): A solution of CAN (1.44 g, 2.6 mmol, 7.5 eq) in borate buffer (0.1M, pH=8, 3 mL) is added to a stirred solution (70℃) of the protected ligand L2 (200 mg, 0.35 mmol) dissolved in 6 mL acetonitrile. When the amount of ligand is less than 100 mg, it can be dissolved in 3 mL acetonitrile. The resulting mixture is maintained under constant stirring for 20 minutes. A slightly yellow solution is observed. Then 10 mL water is added into the mixture. After extraction with dichloromethane (3x20 mL), the combined organic layers (the bottom phase) are dried over MgSO4 and the solvents are removed in vacuo. Pure DL2 (150 mg, yield=88%) is obtained without further purification. DL2: 1H NMR (400 MHz, Chloroform-d) δ 9.91 (t, J = 1.2 Hz, 2H), 9.29 (s, 2H), 8.78 (dd, J = 8.6, 0.8 Hz, 2H), 8.33 (ddd, J = 8.4, 1.4, 0.7 Hz, 2H), 7.83 (ddd, J = 8.4, 6.9, 1.4 Hz, 2H), 7.70 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 4.57 (t, J = 6.5 Hz, 4H), 2.75 (td, J = 7.1, 1.2 Hz, 4H), 2.31 -2.23 (m, 4H). ESI-MS: [M+H] + at m/z: calculated 485.16, found: 485.1702 Elemental analysis calculated (%) for C28H24N2O6• 0.5H2O is C, 68.15; H, 5.11; N, 5.68. Found (%) is C, 68.50; H, 4.88; N, 5.11, respectively. Deprotection of Ligand 3 (DL3): A solution of CAN (757 mg, 1.38 mmol, 7.5 eq) in borate buffer (0.1M, pH=8, 3 mL) is added to a stirred solution (80℃) of the protected ligand L3 (100 mg, 0.18 mmol) dissolved in 8 mL acetonitrile (The solubility of L3 in acetonitrile is low). The resulting mixture is maintained under constant stirring for 20 minutes. A slightly yellow solution is observed. Then 10 mL water is added into the mixture. After extraction with dichloromethane (3x20 mL), the combined organic layers (the bottom phase) are dried over MgSO4 and the solvent is removed in vacuo. Pure DL3 (30 mg, yield=36%) is obtained without further purification.

  400 MHz, Chloroform-d) δ 9.96 (t, J = 1.2 Hz, 2H), 9.25 (s, 2H), 8.75 (ddd, J = 8.6, 1.5, 0.6 Hz, 2H), 8.32 (ddd, J = 8.4, 1.4, 0.6 Hz, 2H), 7.85 -7.79 (m, 2H), 7.70 (ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 4.86 (t, J = 6.1 Hz, 4H), 3.08 (td, J = 6.2, 1.3 Hz, 4H).

Fig. 3

 3 Fig.3Immobilization of palladium particles in amine functionalized silica foam[11].

Fig. S2 1 H

 1 Fig. S2 1 H NMR spectra (aromatic part) of A: deprotected ligand (DL3) and Complex 3; B: deprotected ligand (DL4) and Complex 4.

Fig. S3 A 4 .

 S34 Fig. S3 A: UV-Vis for palladium complex 3 and 4 (20 μM in DMSO); B: FT-IR of complex 3 and 4. The samples were dried in an oven at 80 ℃ overnight prior to analysis.

Fig. S4

 S4 Fig. S4 SDS PAGE (7.5 %) time course modification of laccases by reductive amination with palladium complex: A. 3⊂UNIK157; B. 4⊂UNIK157. Mw: Molecular weight markers in kDa; C: control experiment with the unreacted corresponding laccase.

Fig. S5

 S5 Fig. S5Representative UV/Vis spectra of bare and palladium complex-grafted enzymes. The concentration of complex 3 and 4 in DMSO is 30 μM. The concentration of UNIK157, 3⊂UNIK157 and 4⊂UNIK157 in acetate buffer (pH 5.7) is 30 μM.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  1 . .......................................................................................... 81 Fig. 2-18 RB5 relative decolorization performance as function of washing treatments for LAC3,UNIK157 and UNIK71 immobilized onto HCO@Si(HIPE). w.: Activity measured after extensive washing with acetate buffer (100 mM pH 5.7); A: Activity measured after incubation with 1 M NaCl in acetate buffer and further washing with buffer; B: Incubation with 1% Triton X100 in acetate buffer and further washing with buffer; C: Reduction with NaBH4 (1mg mL -1 ), washing with buffer then incubation with 1 M NaCl/ 1% TritonX100 in acetate buffer and further washing with buffer. Flow rate: 3.0 mL min -1 . ..

........................................................................................ 83 Fig. 2-

  Si(HIPE) and the ratio 2 vs LAC3 at each 2 load. LAC3 loading of 10-15 mg g -1 ; [substrate] =100 mM; t=24 hours. Error bar was calculated from two consecutive cycles, one batch immobilization. ................................................................................................................................................... 141 Fig.

. A: aldehyde production as a function of bound 2. B: TON (product amount /bound 2 amount) as a function of bound 2. The inset show the corresponding increase fold by LAC3/2@NH2@

  1 , two consecutive cycles, t=24 hours for each cycle. ......................................................................................................... 142 CHO to 2 alone. Error bar was calculated from two batches of immobilization. ....................................................................... 144 Fig. 3-II-12 Kinetic traces for catalysts prepared with method B under four conditions. Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃, [substrate] =100 mM, flow rate: 3.0 mL min - 1

	Fig. 3-II-11 A. Catalytic performance of catalysts from method B towards veratryl alcohol oxidation
	in acetate buffer 100 mM pH 5.7 at 25 ℃, [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24
	hours for each cycle. ■ 2@NH2@ Si(HIPE), ■ 2/UNIK71-CHO@NH2@Si(HIPE), ■ 2/UNIK157-
	CHO@ NH2@Si(HIPE); ratio 2 vs laccase are respective 15, 5, 3, 1.5 for the four conditions. B.
	The increase fold of immobilized 2/UNIK71-CHO or 2/UNIK157-

Fig. 3-II-15 Kinetic

  

.......................................................................................... 146 Fig. 3-II-13 Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ by 2/UNIK157-CHO@NH2@Si(HIPE). [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. A and B stands the catalyst from two different batch of immobilization. A. Kinetic traces for one batch with loading 2 (1.8 μmol g -1 )/UNIK157-CHO (31.6 mg g -1 ). B. Kinetic traces for one batch with loading 2 (1.8 μmol g -1 )/UNIK157-CHO (32.9 mg g -1 ). ................................................... 147 Fig. 3-II-14 Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ using catalyst from method C, [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. A. Product formation as a function of bound catalyst; B. Calculated TON as a function of bound catalyst (TON=product amount/bound 2⊂laccase), inset is the increase fold of immobilized 2⊂UNIK71 and 2⊂UNIK157 to 2 alone. Error bar was calculated from three batches of catalyst immobilization. ................................................................................................................................................... 149 traces for catalysts from immobilization method C at different loadings (based on the functionalized laccase). Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃.
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S3

  These mentioned examples open a new way to exploit the advantages offered by the combination of organometallic chemistry and bio-catalysis, such as the expanding the substrate scope for enzymatic catalyst. More interesting, this nano-biohybrid catalyst can be reused for several cycles maintaining its activity.

	C-C bond formation and tandem catalysis with Lipase-(Pd, Au, Ag NPs) nano-biohybrids in
	aqueous media [54]. Naapuri et al. developed a nano-biohybrid composed of a glucose oxidase
	(GOx) and PdNPs and explored its application in the one-pot halocyclization (biocatalytic)
	and Suzuki-type cross-coupling reaction (metallic catalysis) at room temperature and in
	aqueous media [55]. Very recently, this group developed palladium-nanoparticles biohybrids,
	using palladium acetate and lipase. The obtained nano-biohybrids were efficient for different
	chemical processes such as C-C bonding reactions (Suzuki and Heck reactions) and cascade
	reactions combining enzymatic and metallic activities (hydrolysis-reduction, esterification-
	racemization) [56, 57].
	Filice, et al. investigated applications in

Table 1 -1

 1 Advantages and disadvantages of different immobilization methods[START_REF] Datta | Enzyme Immobilization: An Overview on Techniques and Support Materials[END_REF][START_REF] Chakraborty | Immobilized Biocatalytic Process Development and Potential Application in Membrane Separation: A Review[END_REF][START_REF] Es | Principles, Techniques, and Applications of Biocatalyst Immobilization for Industrial Application[END_REF][START_REF] Tamer | Methods of Enzyme Immobilization[END_REF][START_REF] Mohamad | An Overview of Technologies for Immobilization of Enzymes and Surface Analysis Techniques for Immobilized Enzymes[END_REF] 

	Immobilization	Advantages	Disadvantages
	method		
	Covalent	-No leaching of catalyst from the support	-More complex procedures for surface
	bonding	-Tight binding of catalyst to the support	functionalization of supports
		-Wide choice of organic linkers	-Reduced catalytic activity due to
		-Established methods of functionalization	conformational changes of the enzyme
		of supports	or diffusional limitations
	Physical	-Cheap, simple and rapid procedure	-Leaching of catalyst from the support
	adsorption	-(Mostly) no functionalization of support is	due to changes in reaction conditions
		required	(temperature, pH, etc.)
		-No conformational changes for enzyme	
	Entrapment	-Stabilization of more than one molecules	-Pore diffusion
		-Good immobilization rate	-Leaching of catalyst
	Cross-linking	-No supports are required	-Reduced enzyme activity resulting
		-Simple preparation	from disorder of the cross-linking
			reaction (probably close to the enzyme
			active center)

Table 1 -3 lists some

 1 commonly used materials for enzyme and metal-based catalyst immobilization.

Table 1 -3

 1 Support materials commonly used for catalyst immobilization[START_REF] Ali | Heterogeneous Metal Catalysts for Oxidation Reactions[END_REF][START_REF] Chakraborty | Immobilized Biocatalytic Process Development and Potential Application in Membrane Separation: A Review[END_REF][START_REF] Zdarta | A General Overview of Support Materials for Enzyme Immobilization: Characteristics, Properties, Practical Utility[END_REF].

	Type of material	Features		Examples	
	Inorganic supports		Catalyst	Method	Ref.
			Peroxidase (HRP) Adsorption	[101]
			Lipase	Covalent	[102]
		-Straightforward synthesis			
		-Low cost	β-Glucosidase	Covalent	[103]
	(Mesoporous) Silica	-Chemical stability -Adjustable pore structure	Laccase	Covalent	[104]
		-Various functional groups	Pd NPs	One pot /in situ	[98]
			Pd complex	Covalent	[105] [106]
		-Randomly ordered	β-galactosidase	Adsorption	[107]
	Metal Oxides (Al2O3, ZrO2)	-High surface area, pore volume -Well-ordered pore	Ru NPs	Impregnation-reduction	[108]
		-Narrow pore size	Pd NPs	One pot /in situ	[109]
			α-amylase	Covalent	[110]
	Zeolites	-No waste or disposal problems -Diverse pore structures	Pt, Pd, Rh, Ag NPs	Encapsulation [111]
		-Sinter resistant	Au, Pd NPs	Surface adsorption	[112]

Table 2 - 1

 21 Assignments and quantification of the different Si site by29 Si MAS NMR

	Sample	 a /ppm (±0.5)	LW b /ppm (±0.2)	Unit type	P c /% (±1) T/Q Q 2,3 /Q 4 T 2 /T 3
		-90.3	4.1	Q 2	3.1			
	Si(HIPE)	-99.3	7.2	Q 3	26.4	-	0.42	-
		-108.1	9.1	Q 4	70.5			
		-60.0	9.1	T 2	4.4			
	HCO@Si(HIPE)	-66.8 -100.4	2.3 7.2	T 3 Q 3	4.5 26.1	0.10	0.40	0.97
		-110.3	7.7	Q 4				

Table 2 - 2

 22 Enzyme immobilization onto pristine Si(HIPE) and NH2@Si(HIPE) by physical adsorption Laccase@Foam a

		Initial enzyme loading mg g -1	Total amount immobilized enzyme mg	Enzyme recovery in acetate buffer wash mg, (yield %)
	LAC3@Si(HIPE)	0.85	0.042	Quantitative, (100)
	UNIK71@Si(HIPE)	0.89	0.045	0.044, (98)
	UNIK157@Si(HIPE)	0.87	0.044	0.042, (95)
	LAC3@NH2@Si(HIPE)	2.1	0.107	Quantitative, (100)
	UNIK71@NH2@Si(HIPE)	2.5	0.125	0.123, (98)
	UNIK157@NH2@Si(HIPE)	2.1	0.105	Quantitative, (100)

a 

The amount of enzyme-based heterogeneous catalyst is 50 mg.

Table 2 - 3

 23 Homogeneous activity for LAC3 and UNIK variants towards different substrates a

		RB5	RBBR	ABTS	Asc
		U×10 -3 mg -1	U×10 -3 mg -1	U mg -1	μM s -1
	LAC3	5.3	14.8	81	8.5 ± 0.6
	UNIK71	7.6	14.1	102	8.9 ± 0.2
	UNIK157	5.5	16.9	88	6.7 ± 0.3
	a In acetate buffer (100 mM, pH 5.7), enzyme concentration: 0.25 μM; [RB5] 25mg L -1 ;
	[RBBR] 50mg L -1 ; [Asc.] 50mM.			

Table 2 -4 Laccase

 2 

		Initial	Total amount	Enzyme	Enzyme	Enzyme
	laccase	enzyme loading	immobilized enzyme	recovery in wash A	recovery in wash B*	recovery in wash C*
		mg g -1	mg	mg, (yield %)	mg, (yield %)	mg, (yield %)
	LAC3	8.0	0.4	0.024, (6.0)	nd	nd
	UNIK71	12.0	0.66	0.03, (4.5)	nd	nd
	UNIK157	14.6	0.73	0.025, (3.4)	nd	nd
	A: Incubation with 1 M NaCl in acetate buffer (100mM, pH5.7). B: Incubation with 1% Triton
	X100 in acetate buffer (100mM, pH5.7). C: Reduction with NaBH4 (1mg mL -1 ), washing with
	acetate buffer (100mM, pH5.			

immobilization onto HCO@Si(HIPE) activated foam. 7) then incubation with 1 M NaCl/1% TritonX100 in acetate buffer (100mM, pH5.7). Each wash was performed for 1 hour with a unidirectional flow (3mL min -1 ).* It was not possible to detect enzyme with Bradford, even after concentration of supernatant solution with ultrafiltration (Sartorius ultrafiltration device cut-off 10 kDa). nd stands for not detected.

Fig.

2

-18 RB5 relative decolorization performance as function of washing treatments for LAC3, UNIK157 and UNIK71 immobilized onto HCO@Si(HIPE). w.: Activity measured after extensive washing with acetate buffer (100 mM pH 5.7); A: Activity measured after incubation with 1 M NaCl in acetate buffer and further washing with buffer; B: Incubation with 1% Triton X100 in acetate buffer and further washing with buffer; C: Reduction with NaBH4 (1mg mL - 1 ), washing with buffer then incubation with 1 M NaCl/ 1% TritonX100 in acetate buffer and further washing with buffer. Flow rate: 3.0 mL min -1 .

Table 2 - 5

 25 Recovery yields, aldehyde quantification and specific activity for laccase.

				Specific activity
	Enzyme	Recovery yield (%) a	Aldehyde quantification b	U mg -1 c Initial Enzyme
				Enzyme	-CHO
	UNIK71	68	0.85	102	72
	UNIK157	63	0.84	88	65
	LAC3	57	1.04	81	61

Table 2 - 6

 26 Catalytic activity of UNIK variants obtained from two immobilization methods

	Method	Enzyme	Loading 1 mg g -1	Activity 1 a S.A. (x10 -3 U mg -1 )	Loading 2 mg g -1	Activity 2 a S.A. (x10 -3 U mg -1 )
	Reductive	UNIK71-CHO	3.8	1.12	7.8	1.15
	amination					
	+Schiff base	UNIK157-CHO	3.4	0.33	8.6	0.53
	One step	UNIK71	3.3	1.24	6.3	1.14
	Schiff base	UNIK157	4.1	0.29	7.3	0.68

a S.A. toward RB5 oxidation determined with Enzyme-CHO immobilized onto NH2@

Table 3 -

 3 I-1 Crystallographic data for complex 2.

	Formula	C28H24Cl2N2O6Pd
	Formula weight	661.79
	Volume Å 3	1318.93 (9)
	Space group	P-1
	Unit cell dimensions	
	a (Å)	10.0283(3)
	b (Å)	10.9804(4)
	c (Å)	13.3289(5)
	𝛼 ( o )	113.804 (4)
	𝛽 ( o )	94.667 (3)
	𝛾 ( o )	97.016 (3)
	Z	2
	Dcalc (g cm -3 )	1.666
	𝜇 (mm -1 )	7.943
	T(K)	200
	F000	668.0
	Total no. of reflections 5072

Table 3 -

 3 I-2 Recovery yields, Pd quantification and specific activity for complex 2 modified UNIK variants.

	Enzyme	Recovery yields % a	[Pd]/[T1 Cu(Ⅱ)] b UV-Vis ICP-MS	Specific activity (ABTS) U mg -1 c Initial enzyme 2⊂Enzyme
	2⊂UNIK71	85	1.1	1.1	104	84
	2⊂UNIK157	90	1.0	1.1	83	70

Table 3 -

 3 I-3 Parameters for T1 and T2 copper from the initial and modified enzymes.

			T 1			T2	
	Enzyme						
		A∥	g∥	g⊥	A∥	g∥	g⊥
	UNIK71	86	2.200	2.041	138	2.279	2.041
	UNIK157	86	2.198	2.041	137	2.281	2.041
	2⊂UNIK71	86	2.200	2.041	138	2.279	2.041
	2⊂UNIK157	86	2.197	2.041	137	2.281	2.041

Table 3 -

 3 II-1 Experimental conditions used for aerobic alcohol oxidation by immobilized Pd particles. a

	Entry	Solvent	Temperature ℃	Product mM	TON
	1	Water	90	14.7	11.0
	2	Toluene	90	40.5	30.5
	3	PBS(pH 4.5, 100 mM)/ THF (4%)	25	1.2	0.9
	4	Acetate buffer (pH 5.7, 100 mM)	25	3.8	2.9

Table 3 -

 3 II-2 Activity comparison for PdNPs@NH2@Si(HIPE) and UNIK157/PdNPs@NH2@ Si(HIPE) a Moradi, et al. have reported a conversion of 45% in 10h, a yield that jumped to 99% in the presence of hydroquinone. If the presence of the mediator is obviously

		Product after 24 hours/ mM
	Catalyst			
		Cycle 1	Cycle 2	Cycle 3
	PdNPs@NH2@Si(HIPE)	3.8	3.7	3.6
	UNIK157/PdNPs@NH2@Si(HIPE)	1.6	0.3	0.3
	a [substrate] =100 mM in 15 mL solvent, 1.5 mmol; For PdNPs@NH2@Si(HIPE), 50 mg with
	0.02 mmol Pd NPs (1.3 mol% Pd); For UNIK157/PdNPs@NH2@Si(HIPE), 50 mg with 0.02
	mmol Pd NPs (1.3 mol% Pd) and 0.016 μmol UNIK157 (27.8 mg g -1 ); under air; t=24 hours
	for each cycle			
	Under similar conditions,			

  5 M sodium phosphate buffer pH 7.4 containing 50 mM sodium formate), 417 μL of a 3 mM glutaraldehyde stock solution (10 eq.) in buffer A and 90 μL of 14 mM water stable [Cp*Ir-(bipy)(H2O)]SO4 complex (Ir catalyst) are combined, adjusting to a final volume of 2.5 mL with buffer A. The reaction is carried out for 72 hours at 25°C with permanent stirring. Prior to any treatment, the soluble fractions are analyzed by SDS-PAGE. Then the solution is loaded onto ultrafiltration device for desalting and buffer exchange, using buffer B (100 mM sodium acetate buffer pH 5.7). The concentration of the recovered enzyme is determined by UV-Vis and the specific activity of functionalized enzyme is detected by the standard enzyme assay (ABTS oxidation).

Scheme 6

 6 General procedure for the synthesis of substituted biquinoline-based complexes. a.

	Protected ligand synthesis: 2.5/3.0eq. -Br, DMSO, 40℃ 26 h + rt. 68 h. L2 (n=3), L3 (n=2)
	and L4 (n=4); b: Deprotection: 7.5eq. CAN, AeCN/borate buffer (0.1 M, pH 8.0), 70-80℃,
	20 min. DL2 (n=3), DL3 (n=2) and DL4 (n=4); c: Complex synthesis: 1.1eq. PdCl2(CH3CN)2,
	CH2Cl2, rt. 24h. 2 (n=3), 3 (n=2) and 4 (n=4)

Table 1

 1 The elution gradient of HPLC.

	Time/min	B%
	0	15
	1	15
	10	35
	15	70
	16	97
	18	97
	20	15
	25	15

Table 2

 2 Retention time for each compounds.

	Compound	Retention time/ min
	Veratryl alcohol	5.80
	Veratryl aldehyde	10.04
	Benzophenone	16.85
	11.	

Bleaching experiments for bimolecular and hybrid system

  Experiments are performed on a VARIAN Cary 50 spectrophotometer in an inert atmosphere (glove box) with degassed solution of palladium complex, enzyme (free or modified) and substrate. For bimolecular condition: 50 µM UNIK71 or UNIK157, 50 µM complex 2 in the absence or presence of 100 mM veratryl alcohol in acetate buffer (100 mM pH 5.7) at 25 °C. For the hybrid system: 50 µM 2⊂UNIK71 or 2⊂UNIK157 in the absence or presence of 100 mM veratryl alcohol in acetate buffer (100 mM pH 5.7) at 25 °C under anaerobic conditions. Kinetics of reduction were followed at 610 nm as a function of time (conditions) volume of analysis.

	Initial enzyme	Bound laccase mg g -1	(Bound /initial) laccase %
	mg	mg L -1	LAC3 LAC3 a	LAC3
	0.90	300	4.9		27
	1.50	500	8.2	9.0	27
	3.00	1000	19.8	17.8	33
	6.00	2000	34.3		29

a laccase bound detected by ICP-MS

Table S2

 S2 Laccase UNIK variants bonding efficiency onto HCO@Si(HIPE) foams as function of the initial enzyme concentration.

	Initial enzyme	Bound laccase mg g -1	(Bound /initial) laccase %
	mg	mg L -1 UNIK71 UNIK157 UNIK71 UNIK157
	0.15	50	1.3		43	
	0.45	150	3.3	4.1	37	46
	0.90	300	6.3	7.3	35	41
	1.50	500	13.2	11.5	44	38
	3.00	1000	23.4	27.4	39	46
	6.00	2000	45.4	49.8	38	

Table S8

 S8 Assignments and quantification of the different Si site by29 Si MAS NMR

	Sample	 a /ppm (±0.5)	LW b /ppm (±0.2)	Unit type	P c /% (±1)	T/Q Q 2,3 /Q 4 T 2 /T 3
		-57.1	4.0	T 2	2.1		
	2⊂UNIK71 @NH2@Si(HIPE)	-66.0 -99.5	6.7 6.4	T 3 Q 3	6.5 20.6	0.09 0.29	0.33
		-110.0	10.0	Q 4	70.8		
		-57.1	4.9	T 2	2.3		
	2⊂UNIK157 @NH2@Si(HIPE)	-65.9 -99.4	7.7 7.6	T 3 Q 3	6.3 20.7	0.09 0.29	0.37
		-110.0	11.7	Q 4	70.7		

a : Chemical shift ; b : Line width; c : Relative percentage S6.

Catalytic performance for supported hybrid catalysts Table S9

  Summary for the catalytic performance of hybrid catalyst from method A Results based on the average of two consecutive 24 h cycles for alcohol oxidation.High resolution mass spectrum in positive electrospray mode of all the mentioned ligands and deprotected ligands calibrated for exact mass measurement. The targeted ion for L4 [M+H] + is detected at m/z 601.2543, DL4 [M+H] + is at 513.2023, Complex 4 [M+Na] + is 713.0. The signal marked with a black circle is an ion present in the mass spectrum of the analytical blank and is therefore not specific to the sample. Les catalyseurs hétérogènes sont aujourd'hui largement développés afin d'obtenir une meilleure stabilité, une meilleure réutilisation ainsi qu'une meilleure localisation. Dans cette optique, nous avons d'abord préparé des catalyseurs hétérogènes à base d'enzymes par l'immobilisation d'une laccase d'origine fongique contenant seulement deux lysines de surface spatialement proches (K40, K71) ainsi que deux de ses variants contenant une lysine unique -une située à proximité du site d'oxydation du substrat (K157) et une à l'opposé de ce site d'oxydation (K71)-dans des mousses de silice de type Si(HIPE) à porosités contrôlées. L'immobilisation a été réalisée par liaison covalente entre l'enzyme et la mousse activée à faible teneur en glutaraldéhyde. En testant la décoloration de colorants dans un réacteur à flux continu, nous montrons que l'activité du catalyseur hétérogène est comparable à son homologue homogène. Son activité opérationnelle reste aussi élevée que 60 % après douze cycles de décoloration consécutifs et un an de stockage. Plus important encore, en comparant les activités sur différents substrats pour des catalyseurs orientés différemment, nous montrons une discrimination double pour l'ABTS par rapport à l'ascorbate. Par ailleurs, les métalloenzymes artificielles peuvent utiliser les avantages des catalyseurs métalliques et enzymatiques pour réaliser une oxydation aérobie de manière durable. Nous avons donc immobilisé un complexe Pd(II) à base de biquinoline et une laccase dans des monolithes de silice pour l'oxydation de l'alcool veratrylique. Afin de contrôler la réactivité, trois méthodes d'immobilisation ont été utilisées pour la construction de ces catalyseurs hybrides hétérogènes. Les catalyseurs hybrides immobilisés présentent une activité améliorée par rapport au complexe de Pd immobilisé seul pour chaque méthode testée, attestant de la synergie entre le Pd et la laccase. En modulant l'orientation de l'enzyme vers le complexe de Pd(II) et la mousse de silice, nous montrons que l'activité de l'hybride de Pd(II)/UNIK157 est en moyenne deux fois plus importante que celle de Pd(II)/UNIK71. Une bonne stabilité et réutilisation est observée quel que soit l'orientation de l'enzyme. Cette étude donne un aperçu de l'utilisation de supports solides qui audelà de permettre la stabilité et la réutilisation deviennent des partenaires synergiques dans le processus catalytique.
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	#1			1.21		16.0			6		181		3.2
	#2			3.84		15.0			22		104		2.4
		%										
	#3	LAC3		5.63		8.6 [M+Na] +	55		184		5.0
	#4		12.88	10.9 713.0	100 729.0 745.0	168 775.1	3.0
													787.0
	#5		35.17	10.2			300		149		2.2
	#6 UNIK71 640 0	660	1.21 680	20.2 700	720	5 740	760	178	780	800	820	3.2 m/z
	#7 UNIK157		1.21		19.3			5		255		4.6
	#8 UNIK71		7.88		16.4			40		157		4.2
	#9 UNIK157		7.88		18.2			40		424		11.5
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Chapter 2:

Site directed confinement of laccases in a porous scaffold towards robustness and selectivity With Method C we took advantage from the complex 2 that holds two aldehyde functions.

Therefore, enzymes can be successfully modified with complex 2 (section 3.I.2, 2⊂UNIK71 and 2⊂UNIK157) and subsequently covalently immobilized onto NH2@Si(HIPE) foam. In this case, both the distance between the enzyme and the complex 2 and the stoichiometry (1laccase /1Pd) is fixed. In addition, the activity of hybrid catalysts (Pd modified enzyme) can be studied under homogeneous conditions, thus providing more complete information on the synergistic effect between Pd(II) complex and enzyme partners.

In a first step, the loading of 2⊂UNIK71 and 2⊂UNIK157 onto NH2@Si(HIPE) was evaluated comparing the protein amount presents in the supernatant solution before and after impregnation. As seen in Fig. 345678910111213141516, the amount of bound catalyst increases linearly with the increase of initial concentration (from 1000 mg L -1 to 4000 mg L -1 ), suggesting that there is no saturation. An immobilization yield around 45% is obtained for both 2⊂UNIK71 and 2⊂ UNIK157, in the same range as that obtained in chapter 2 (section 2.3.3) and with method B.

All the loading information are listed in supplementary information (Table S7).

Fig. 3-I-16

Hybrid catalyst loading as a function of initial concentration for impregnation. Error bar was calculated from three batches of catalyst immobilization.

Again, the SEM image of the 2⊂UNIK157@NH2@Si(HIPE) gives a confirmation that the pore structure remains no matter the immobilization method used (Fig. 34567891011121314151617).

Chapter 3

Part II:

Supported hybrids of laccase and palladium complexes: activity for alcohol oxidation Method A

As described in section 3.I.5, five Pd complex 2 loads ranging from1.2 to 35.2 μmol g -1 were obtained and further used for the co-immobilization. We started with the native laccase LAC3 and proceed for the functionalization to obtain loads around 10-15 mg g -1 . As reported in chapter 2, this is an optimal load for immobilizing LAC3 in silica foams. Consequently, the ratio 2 vs LAC3 ranged from 6 to 300. The performance of complex 2 alone and coimmobilized with LAC3 at each Pd load are compared in Fig. 3-II-9. First, aldehyde produced by 2@NH2@Si(HIPE) at different loads of Pd ranges from 35 to 65 μM. For LAC3/2@NH2 @Si(HIPE), the amount of product increases up to 180 μM with no apparent modulation as function of the Pd load (Fig. 3-II-9A), suggesting that laccase may be limiting here.

Fig. 3-II-9

Veratryl alcohol oxidation in acetate buffer (100 mM, pH 5.7) at 25 ℃, flow rate: 3.0 mL min -1 . A: aldehyde production as a function of bound 2. B: TON (product amount /bound 2 amount) as a function of bound 2. The inset show the corresponding increase fold by LAC3/2@NH2@Si(HIPE) and the ratio 2 vs LAC3 at each 2 load. LAC3 loading of 10-15 mg g -1 ; [substrate] =100 mM; t=24 hours. Error bar was calculated from two consecutive cycles, one batch immobilization.

Expressing the activity as TON (based on Pd amount), the effect of the catalyst load on activity is clearly seen (Fig. 3-II-9 B). Independently of the presence of the laccase a decrease of activity as a function of the loading of 2 is observed. The highest TON is obtained with a load of 2 of 1.2 μmol g -1 (at an initial concentration of 100 μM for 2 impregnation). As proposed before (section 3.II.2.2), this could be mainly due to the crowding of catalysts at high loading.

When LAC3 is present (10-15 mg g -1 ), the best increase (5-fold increase compared to complex 2 alone) is observed with a concentration of 5.6 μmol g -1 of complex 2 (Fig. 3-II-9 B). In this configuration, the ratio 2 vs LAC3 is 55. The first lesson from this co-immobilization 2/LAC3 is the synergy between complex 2 and laccase like for the homogeneous system.

Method C

We first modified UNIK enzymes with complex 2 and functionalized the NH2@Si(HIPE) foam with the resulting hybrids (2⊂UNIK71 and 2⊂UNIK157) in one step. Due to prefunctionalization of the enzyme, the ratio Pd to enzyme is fixed to 1.0 as verified by UV-Vis and ICP-MS (see section 3.I.2).

Based on results issued from immobilization methods A and B and those from chapter 2, we decided to study three different loadings, roughly 28 mg g -1 , 50 mg g -1 and 100 mg g -1 . In order to easily evaluate the amount of Pd in the hybrid catalysts, loads expressed in μmol of catalyst (based on the molecular weight of laccase) per gram of foam are respective 0.3 μmol g -1 , 0.6 μmol g -1 and 1.2 μmol g -1 . A comparison of performances of 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@NH2@Si(HIPE) relative to 2@NH2@Si(HIPE) as function of the load is presented in Fig. 3-II-14. Fig. 3-II-14 Veratryl alcohol oxidation in acetate buffer 100 mM pH 5.7 at 25 ℃ using catalyst from method C, [substrate] =100 mM, flow rate: 3.0 mL min -1 , t=24 hours for each cycle. A. Product formation as a function of bound catalyst; B. Calculated TON as a function of bound catalyst (TON=product amount/bound 2⊂laccase), inset is the increase fold of immobilized 2⊂UNIK71 and 2⊂UNIK157 to 2 alone. Error bar was calculated from three batches of catalyst immobilization.

As expected, the performance of both 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@NH2@ Si(HIPE) is higher than that of 2@NH2@Si(HIPE) at each catalyst loading tested. The product yielded on 24 hours with 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@NH2@Si(HIPE) first increases with a load at 0.6 μmol g -1 then decreases at a higher load of 1.2 μmol g -1 (Fig.

3-II-14 A).

Highest TONs are obtained at a load of 0.6 μmol g -1 for both variants (Fig. 3-II-14 B), attesting for a proper enzyme conformation at this load. Activity increases up to 4.0 times with 2⊂UNIK71 and up to 8.0 times with 2⊂UNIK157 (Fig. 3-II-14 B, inset). As observed with the previous immobilizations (methods A and B), a synergy between complex 2 and Scheme 3-II-4 The position for complex 2 and enzyme in catalyst from method C.

Summary for the three methods

Pursuing our search for optimal immobilized hybrid catalysts, three strategies to produce a heterogeneous immobilized, active and reusable artificial metalloenzyme were explored.

Parameters including the catalyst loading, the distance of Pd/Cu active site, enzyme/enzyme as well as enzyme/foams were tested and discussed for each method.

In a first place, all the developed hybrid catalysts exhibited an increased activity compared to the Pd(II) complex alone, highlighting the synergy between palladium and laccase. This synergy can be affected by catalysts loadings and the enzyme orientation. Various catalyst loadings and ratios 2 vs laccase (for method A and B) were studied to approach the highest catalytic performance of the immobilized hybrid catalyst. The impact of the orientation of the enzyme on catalysis was studied with LAC3, and two of its variants UNIK71 and UNIK157. All results pointed the combination of 2 with UNIK157 as the most efficient one, highlighting a better cooperation between the Pd and laccase catalysts, probably due to the location of lysine 157 (the grafting point) in vicinity of the T1 Cu(II) site.

It is difficult to give a strict comparison of the three methods given that the conditions for their implementation differed (e.g. catalyst loading, ratio 2 vs laccase). Still, we can get some rough information based on the above results on catalysis. When the ratio 2 vs laccase was similar (e.g. ratio=5), the hybrid catalysts prepared according to method B performed better than those prepared according to method A, especially for the hybrid based on UNIK157. This could be due to the order followed to immobilize the two catalysts that differ in the two methods. When Perspectives:

As we stated before, to complete this project, it is necessary to first finish the characterizations and evaluations of the complex 3 and 4. It is the most direct way to tune the distance between Pd and enzyme active copper sites and easily to compare with the results from complex 2. For this purpose, polyethylene glycol (PEG) can be introduced in order to increase the water solubility of the ligands as well as spacers to tune the distance with active T1 copper sites.

Besides, since the catalytic performance of these biquinoline-based complexes is not very good (TOF below 1), it is possible to seek for more efficient complexes bearing other types of ligands (e.g. anionic N,O-ligands) [1] or to introduce electron-rich or electron-withdrawing groups on the aromatic units for a more active palladium complex. In addition to the ones with aldehyde moieties, the complexes with alkyne or azido groups can be synthesized for grafting based on click chemistry.

For the current results, we studied the effect of enzyme orientation using two laccase variants.

Their unique lysine is at the opposite side (K71 and K157). It maybe more complete to study the variants with one surface lysine at other positions (e.g. UNIK161) or mapping the total surface of laccase. Also, besides this enzyme immobilization with single anchoring site, it is possible to involve two distinct anchoring sites for differential grafting modes. The number of anchoring sites may affect the rigidification of immobilized enzyme and thus the final activity.

Thanks to the site-directed mutagenesis, two different grafting sites can be created at the surface of laccase by introducing a Cysteine residue to promote a thioether bond.

Moreover, some spectroscopic techniques should be considered to confirm the orientation and structure of immobilized enzymes. Although there are some available spectroscopic methods for surface immobilization [2], a suitable method specific to 3D material is still lacking. For our system, it is possible to prepare some thin sections (using the monoliths with immobilized catalyst) for this kind of characterization. And, surface plasmon resonance (SPR) and circular dichroism (CD) can be used to probe the secondary structures of immobilized enzymes. Sum frequency generation (SFG) is also a tool for studying the orientations of interfacial enzymes.

For the targeted reaction, we started with benzyl alcohol oxidation since its selective oxidation into aldehydes under mild conditions has attracted a great attention and remains a challenging task for the scientific community. With the optimized experimental conditions and the most efficient ligand structure, some substrates like geraniol and retinol can be also studied. Besides, using this built heterogeneous hybrid system, aerobic oxidation reactions such as oxidation of alkene (aza-Wacker) and oxidative C-C coupling reactions can be studied to verify the synergy

Preparation of NH2@Si(HIPE) monoliths

The silanization is achieved with a trifunctional organosilane agent, (3-aminopropyl)triethoxysilane. APTES concentration is fixed at 2.5 mmol g -1 silica foam. The silica monoliths obtained from the previous steps (approximately 75 mg each) are immerged in a 25 mL toluene /APTES solution. Dynamic vacuum is applied to force the solution into the pores of the monoliths, until effervescence stopped. Static vacuum is then maintained overnight. After impregnation, the monoliths are taken out and washed with distilled water for three times (100 mL×3). The obtained monoliths are dried in an oven at 80°C for 24 hours.

Preparation of HCO@Si(HIPE) monoliths

The NH2@Si(HIPE) previously prepared are then immerged in a DPBS solution (pH 7.6) with glutaraldehyde (0.625%, wt.%). As stated earlier, a dynamic vacuum firstly and an overnight static vacuum are applied to allow for impregnation. After washing with distilled water, the silica foams are dried at 80°C for 24 hours. Foams are labelled as HCO@Si(HIPE).

Laccase expression and purification

Laccase LAC3 from Trametes sp. C30 and its UNIK variants (UNIK71 and UNIK157) are heterologously expressed in Aspergillus niger and purified according to previously published procedures [3,4].

Characterization of laccase

Concentration determination

Protein concentration is determined by the Bradford method using BSA as standard [5] or by UV-vis spectroscopy ( 610nm = 5.6x10 3 M -1 cm -1 for the T1 copper) [6].

Standard enzyme assay

Laccase activity is assayed at room temperature using ABTS as substrate. Oxidation of ABTS is detected by following the absorbance at 420 nm ( 420nm=3.6x10 4 M -1 cm -1 ) during 5 minutes. The reaction mixture (1 mL) contains 10 μL of appropriately diluted enzyme sample 

ESI-MS:

[M+Na] + at m/z: calculated 713.05, found: 713.0 Elemental analysis: to be confirmed.

Preparation and characterization of supported catalysts

Enzyme immobilization

Physical adsorption

The Si(HIPE) and NH2@Si(HIPE) silica foam (about 50 mg) is introduced in a mixture containing 3 mL of DPBS buffer pH 7.0 and the laccase at 500 mg L -1 . The mixture is placed under dynamic vacuum in a desiccator for 30 min and then under static vacuum overnight.

The foams are then washed three times with DPBS buffer solution (3mL, 3x10min) to remove Palladium complex loading is calculated by subtracting the detected palladium in the residual and wash solution from the initial solution (based on the absorbance at 340 nm). It is also verified by the quantification of palladium ions using ICP-MS. The resulting supported hybrid catalysts are named as 2/UNIK71-CHO@NH2@Si(HIPE) and 2/UNIK157-CHO@NH2@ Si(HIPE).

For method C:

A NH2@Si(HIPE) monolith (about 50 mg) is introduced in a mixture containing 3 mL of DPBS buffer pH 7.0 and the 2⊂UNIK71 or 2⊂UNIK157 at a desired concentration. The mixture is placed under dynamic vacuum in a desiccator for 30 mins and then under static vacuum overnight. The materials are then washed three times with DPBS buffer solution (3mL, 3x10 min) to remove the excess enzyme. Enzyme loading is calculated by subtracting the detected enzyme in residual and wash solution from the initial impregnation solution (based on the T1 copper). The residual solution and wash solution are filtered before detecting concentration.

The bound amount is also verified by the quantification of copper ions using ICP-MS. The resulting supported hybrid catalysts are respectively named as 2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK157@NH2@Si(HIPE).

Immunolabeling method

Both the bare Si(HIPE), NH2@Si(HIPE) and the foams with immobilized hybrid catalyst (2⊂UNIK71@NH2@Si(HIPE) and 2⊂UNIK71@NH2@Si(HIPE)) are first dehydrated for 1h in successive dimethylformamide/water baths (1 bath at 50/50; 1 bath at 70/30; 1 bath at 90 /10 and 3 baths at 100% dimethylformamide), evacuating the pillboxes to remove air from the silica to facilitate homogeneous inclusion of samples. For the inclusion in Lowicryl, For the immunogold staining (IGS) method, the sections are saturated with PBS (10x, pH 7.4) containing 5% bovine serum albumin (BSA) for 1h at room temperature to block non-specific binding of antibodies. Then, the sections are rinsed 5 times with PBS and incubated with the primary rabbit anti-laccase antibody (1/200) in 0.5% BSA-PBS for 2 hours. After rinsing 5

Activity of supported enzyme-based catalyst 9.1 Co-immobilization of HBT

HBT is co-immobilized with laccase in HCO@Si(HIPE) foam. Enzyme functionalized silica foam (about 50 mg) is put in 4 mL acetate buffer (100 mM, pH 5.7) containing 3 mM HBT.

The mixture is then placed under vacuum in a desiccator overnight. Finally, the material is washed three times with acetate buffer (100 mM, pH 5.7) to remove the excess HBT.

Dye decolorization

The catalytic performances of supported enzyme-based catalyst are evaluated by HBTmediated dye decolorization, The substrate final concentration are 25 mg L -1 in the case of RB5 and 50 mg L -1 for RBBR, both in acetate buffer (100 mM, pH 5.7). In homogeneous conditions, reaction is performed in a total 5 mL volume. 1.5 mM HBT is added and free laccase concentration is set at the same concentration of the immobilized one for comparison. 100 μL samples are temporary taken out for UV-Vis reading after each time intervals: 0.5h, 1h, 2h, 3h, 5h, 6h, 7h, 9h and 24h. In heterogeneous conditions, HBT is first co-immobilized with the enzyme prior to performing dye decolorization. In a typical experiment, the reaction volume is set at 15 mL. 100 μL samples are temporary taken out for UV-Vis reading after each time intervals: 0.5h, 1h, 2h, 3h, 5h, 6h, 7h, 9h and 24h.

Dye decolorization is evaluated by measuring the decrease of maximum absorbance at 595 nm for RB5 and 550 nm for RBBR. The decolorization rate percentage was calculated as followed:

where Ai and At represent the initial reaction mixture absorbance and its evolution with time respectively.

Challenging immobilization

Immobilization of LAC3 and its UNIK variants is challenged by an extensive washing of grafted monoliths for four steps. To be specific, LAC3, UNIK157 and UNIK71 immobilized onto HCO@Si(HIPE) are successively extensively washed with buffer (3 mL min -1 unidirectional flow for 30 min) (step named as w.) then incubated with 1 M NaCl in buffer (3 mL min -1 unidirectional flow for 1 hour) and washed with buffer (3 mL min -1 unidirectional flow for 30 the samples were filtered by a 0.22 μm membrane and analyzed by HPLC. 

With immobilized catalysts

The catalytic performance is also performed by the recycling reactor (Fig. 4). 15 mL 100 mM veratryl alcohol in 100 mM acetate buffer, pH 5.7 is cycled with a flow rate set at 3 mL min -1 at room temperature. Before starting catalysis, pure buffer is applied for 30 minutes in the whole system to wash out the unbound catalyst. After each cycle, the column is disconnected and the system washed with ethanol then distilled water. Acetate buffer is then used to wash the whole system (with the column connected). The solution is taken out for analysis at each interval times, 1h, 2h, 4h, 6h, 8h, 24h.

HPLC monitoring

The reaction outcome is monitored by HPLC analysis of samples of the reaction withdrawn at different times (1h, 2h, 4h, 6h, 8h, 24h). All the samples are diluted with an acetonitrile solution containing 2.0 mM benzophenone in a 1:1 ratio (100 μL samples is mixed with 100 μL 2.0 mM Benzophenone in ACN) as a standard for quantification. 50 μL mixture is injected for analysis. The analysis condition determinations were performed with a C18 (150×4.6 mm) column, at a flow of 1mL min -1 ; λ=310 nm; and a mobile phase for the mixture of A: phosphate buffer (0.02M, pH=3.0) and B: acetonitrile in a gradient method (Table 1). The standard curve of achieved product was obtained using the commercial veratryl aldehyde solution (0.1, 0.2, 0.3, 0.4, 0.5, 1.0 mM in acetate buffer pH 5.7). The retention times for each compounds are listed in Table 2.

Supplementary Information

S1. Loadings of immobilized LAC3, UNIK71 and UNIK157

Table S1 LAC3 bonding efficiency onto HCO@Si(HIPE) foams as function of the initial enzyme concentration. 

S2. Control experiment for HBT immobilization

7). A:

Immobilization of UNIK71 onto HCO@Si(HIPE): • HCO@Si(HIPE) alone; • UNIK71@ HCO@Si(HIPE) (6.3 mg g -1 ); • three successive 24 hour decolorization cycles for UNIK71 in the presence of HBT; B: Immobilization of UNIK157 on the foam HCO@Si(HIPE): • HCO@Si(HIPE) alone; • UNIK157@HCO@Si(HIPE) (7.3 mg g -1 ); • three successive 24 hour decolorization cycles for UNIK157 in the presence of HBT.

S3. Characterizations of palladium complexes 3 and 4
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S4. Loadings of immobilized complex 2 and co-immobilized catalysts

Electrospray Ionization Mass Spectroscopy (ESI-MS) Equipment

Analyzes were performed with a SYNAPT G2 HDMS mass spectrometer (Waters) equipped with a pneumatically assisted atmospheric pressure ionization (API) source.

The sample was ionized in positive electrospray mode under the following conditions: electrospray voltage: 2.8 kV; port voltage: 20 V; nebulization gas flow rate (nitrogen): 100 L/h.

The high resolution mass spectrum (MS) was obtained with a TOF analyzer. The exact mass measurement was performed in triplicate with an external calibration.

Method

The sample is dissolved in 300 µL of dichloromethane and then diluted 1/10