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Introduction

Metal-organic polyhedra (MOPs) are a fascinating family of materials with unique properties that make them promising for the preparation of advanced porous systems. [START_REF] Tranchemontagne | Reticular Chemistry of Metal-Organic Polyhedra[END_REF][START_REF] Gosselin | Permanently Microporous Metal-Organic Polyhedra[END_REF][START_REF] Lee | The Rise of Metal-Organic Polyhedra[END_REF] MOPs can be seen as the zero-dimensional (0D) analogues of metal-organic framework materials (MOFs), [START_REF] Kitagawa | Functional Porous Coordination Polymers[END_REF][START_REF] Furukawa | The Chemistry and Applications of Metal-Organic Frameworks[END_REF] where metal ions and organic linkers self-assemble into cages of finite sizes with precise shapes and molecular structures with a significant intrinsic porosity. MOPs also possess a high tunability offered by the ease of functionalization of their constitutive ligands. [START_REF] Li | Bridging-Ligand-Substitution Strategy for the Preparation of Metal-Organic Polyhedra[END_REF] Unlike MOFs' extended 3D network, MOP crystals can be dispersed as well-defined single entities that are soluble in selected solvents and that can act as elementary bricks to be recombined in a controlled manner, by themselves or with other components, for the realization of modular self-assembled porous materials. [START_REF] Hosono | Modular Design of Porous Soft Materials via Self-Organization of Metal-Organic Cages[END_REF][START_REF] Sánchez-González | Assembling Metal-Organic Cages as Porous Materials[END_REF][START_REF] Khobotov-Bakishev | Metal-Organic Polyhedra as Building Blocks for Porous Extended Networks[END_REF][START_REF] Liu | Post-Synthetic Modifications of Metal-Organic Cages[END_REF] The recombination of MOPs has for instance led to the preparation of new MOFs, [START_REF] Li | Interconversion between Molecular Polyhedra and Metal-Organic Frameworks[END_REF][START_REF] Lal | Mechanical Properties of a Metal-Organic Framework Formed by Covalent Cross-Linking of Metal-Organic Polyhedra[END_REF][START_REF] Grancha | Synthesis of Polycarboxylate Rhodium(II) Metal-Organic Polyhedra (MOPs) and Their Use as Building Blocks for Highly Connected Metal-Organic Frameworks (MOFs)[END_REF] porous gels [START_REF] Carné-Sánchez | Self-Assembly of Metal-Organic Polyhedra into Supramolecular Polymers with Intrinsic Microporosity[END_REF][START_REF] Legrand | Understanding the Multiscale Self-Assembly of Metal-Organic Polyhedra towards Functionally Graded Porous Gels[END_REF] , MOP-based porous cocrystals [START_REF] Gosselin | A Charged Coordination Cage-Based Porous Salt[END_REF] or organized heterostructures. [START_REF] Lal | Amphiphile-like Self Assembly of Metal Organic Polyhedra Having Both Polar and Non-Polar Groups[END_REF][START_REF] Zhu | Modular Metal-Organic Polyhedra Superassembly: From Molecular-Level Design to Targeted Drug Delivery[END_REF] However, despite their many advantages, MOPs have remained mostly excluded from applications involving aqueous systems due to the usually limited stability of most MOPs against hydrolytic decomposition, [START_REF] Mollick | Stabilizing Metal-Organic Polyhedra (MOP): Issues and Strategies[END_REF] as well as a typically very low solubility in water for the few structures that are water-stable. [START_REF] Furukawa | Rhodium-Organic Cuboctahedra as Porous Solids with Strong Binding Sites[END_REF][START_REF] Mollick | Hydrophobic Shielding of Outer Surface: Enhancing the Chemical Stability of Metal-Organic Polyhedra[END_REF][START_REF] Chiong | An Exceptionally Stable Metal-Organic Framework Constructed from Chelate-Based Metal-Organic Polyhedra[END_REF] The design of a new category of MOPs that present good solubility and stability in water will tremendously expand MOPs' range of applications, notably in the field of bio-hybrid MOP-based materials, 18,23- 25 whose fragile bio-components require aqueous media and overall mild synthetic conditions. One exciting example of bio-hybrid systems is as heterogeneous biocatalysts using immobilized enzymes. [START_REF] Sheldon | Enzyme Immobilisation in Biocatalysis: Why, What and How[END_REF][START_REF] Dicosimo | Industrial Use of Immobilized Enzymes[END_REF] These materials benefit from the unparalleled reactivity and selectivity of enzymatic catalysis, while addressing the issues of low stability and poor recyclability of free enzymes. [START_REF] Mateo | Improvement of Enzyme Activity, Stability and Selectivity via Immobilization Techniques[END_REF] When preparing such composites, the crucial challenge is to preserve the properties and activity of the biological components during the synthetic process and once incorporated in the material. As such, preparation needs to be performed in mild conditions that will not cause irreversible damage to the bio-components (i.e., water, room temperature). Self-assembly processes are potent tools for the preparation of such composites as they allow to prepare complex organized structures that surround and encapsulate enzymes, starting from small-sized soluble precursors. [START_REF] Avnir | Recent Bio-Applications of Sol-Gel Materials[END_REF][START_REF] Holzinger | Supramolecular Immobilization of Bio-Entities for Bioelectrochemical Applications[END_REF][START_REF] Van Dun | Supramolecular Chemistry Targeting Proteins[END_REF][START_REF] Zhu | Protein Assembly by Design[END_REF] Proteins have notably been associated with a variety of objects, among which nanoparticles, [START_REF] Kostiainen | Electrostatic Assembly of Binary Nanoparticle Superlattices Using Protein Cages[END_REF][START_REF] Künzle | Binary Protein Crystals for the Assembly of Inorganic Nanoparticle Superlattices[END_REF] polyoxometalates, [START_REF] Bijelic | The Use of Polyoxometalates in Protein Crystallography -An Attempt to Widen a Well-Known Bottleneck[END_REF][START_REF] Vandebroek | Shape and Size Complementarity-Induced Formation of Supramolecular Protein Assemblies with Metal-Oxo Clusters[END_REF] and small molecules, [START_REF] Engilberge | Tuning Protein Frameworks via Auxiliary Supramolecular Interactions[END_REF][START_REF] Ramberg | Facile Fabrication of Protein-Macrocycle Frameworks[END_REF] to obtain organized self-assembled structures for crystallographic purposes. This composite material approach can also be greatly beneficial to the enzymes' stability, protection and leaching-resistance, as it physically isolates the sensitive enzymes from the outside medium. [START_REF] Mateo | Improvement of Enzyme Activity, Stability and Selectivity via Immobilization Techniques[END_REF][START_REF] Frenkel-Mullerad | Sol-Gel Materials as Efficient Enzyme Protectors: Preserving the Activity of Phosphatases under Extreme PH Conditions[END_REF] However, in order to retain a high catalytic activity, enzyme accessibility with unhindered mass transport of reactants and products within the solid biocatalyst is essential. For this reason, the use of MOFs recently found a broad interest as encapsulation matrices. [START_REF] Lian | Enzyme-MOF (Metal-Organic Framework) Composites[END_REF][START_REF] Gkaniatsou | Metal-Organic Frameworks: A Novel Host Platform for Enzymatic Catalysis and Detection[END_REF][START_REF] Liang | Metal-Organic Frameworks as Novel Matrices for Efficient Enzyme Immobilization: An Update Review[END_REF][START_REF] Liang | Metal-Organic Framework-Based Enzyme Biocomposites[END_REF] In addition to the direct insertion of enzymes in MOFs with large pores, [START_REF] Chen | How Can Proteins Enter the Interior of a MOF? Investigation of Cytochrome c Translocation into a MOF Consisting of Mesoporous Cages with Microporous Windows[END_REF][START_REF] Feng | Stable Metal-Organic Frameworks Containing Single-Molecule Traps for Enzyme Encapsulation[END_REF][START_REF] Li | Encapsulation of a Nerve Agent Detoxifying Enzyme by a Mesoporous Zirconium Metal-Organic Framework Engenders Thermal and Long-Term Stability[END_REF] the supramolecular assembly of ligands and metal ions to construct the MOF network around the enzymes is the other widely used method, demonstrating interesting results in terms of stabilization and protection. [START_REF] Lyu | One-Pot Synthesis of Protein-Embedded Metal-Organic Frameworks with Enhanced Biological Activities[END_REF][START_REF] Liang | Biomimetic Mineralization of Metal-Organic Frameworks as Protective Coatings for Biomacromolecules[END_REF][START_REF] Chen | Biocatalytic Cascades Driven by Enzymes Encapsulated in Metal-Organic Framework Nanoparticles[END_REF] However, only a few MOF structures, mainly zinc imidazolates (e.g. ZIF-8), were investigated for this synthetic approach [START_REF] Liang | Metal-Organic Framework-Based Enzyme Biocomposites[END_REF] since it requires mild waterbased conditions, very different from typical MOF solvothermal syntheses. Recently, the use of other types of microporous or mesoporous matrices such as covalentorganic frameworks (COFs), [START_REF] Kandambeth | Self-Templated Chemically Stable Hollow Spherical Covalent Organic Framework[END_REF][START_REF] Zheng | Green and Scalable Fabrication of High-Performance Biocatalysts Using Covalent Organic Frameworks as Enzyme Carriers[END_REF] COF hollow capsules [START_REF] Li | Fabricating Covalent Organic Framework Capsules with Commodious Microenvironment for Enzymes[END_REF] or Hydrogen-bonded organic frameworks (HOFs) [START_REF] Liang | Enzyme Encapsulation in a Porous Hydrogen-Bonded Organic Framework[END_REF][START_REF] Tang | A Biocatalytic Cascade in an Ultrastable Mesoporous Hydrogen-Bonded Organic Framework for Point-of-Care Biosensing[END_REF] sparked significant research interest in the community as a way to bring complementary properties for immobilization compared to MOFs. [START_REF] Wang | Recent Advances in Emerging Metaland Covalent-Organic Frameworks for Enzyme Encapsulation[END_REF][START_REF] Feng | Recent Advances in Enzyme Immobilization Based on Novel Porous Framework Materials and Its Applications in Biosensing[END_REF] In this context, establishing a novel strategy that provides a general way to build microporous networks able to integrate a wide variety of enzymes in mild conditions (i.e. aqueous medium, room temperature, neutral pH with minimal salts or additive,…) is extremely relevant for a wide range of applications. In particular, the construction of an immobilization network from preformed cage-like units instead of small molecular precursors would allow to dissociate the steps of generating a continuous network at the mesoscale and a porosity at the microscale during the synthesis, leading to much more versatility in terms of immobilization modes. In this article, we demonstrate, for the first time, how MOPs can form efficient and versatile matrices for the immobilization of enzymes (Figure 1A). In addition to their intrinsic porosity, MOPs present an interesting combination of advantages that are not met all-at-once by other commonly used bio-immobilization agents: (i) A precise molecular structure. (ii) A size around 3 nm that allows efficient contact with proteins while enabling transport of reagent in an extrinsic pore network. (iii) A high tunability and ease of functionalization. (iv) An interesting structure with a rigid core susceptible to establish coordination bonds with protein residues, and a shell of functionalized flexible arms. As such, MOPs appear as a promising alternative to previously developed immobilization systems, and their polyvalent character will bring a powerful addition to the general toolbox of bio-immobilization methods.

One key aspect of this work was the preparation of watersoluble MOPs with a high affinity for proteins' surface. Beside their inherent microporosity, a critical advantage of MOPs is the easy functionalization of their outer surface, [START_REF] Albalad | Surface Chemistry of Metal-Organic Polyhedra[END_REF] that can dramatically modify their physical and chemical properties, and allows an efficient control on the supra-MOP self-assembly. [START_REF] Carné-Sánchez | A Coordinative Solubilizer Method to Fabricate Soft Porous Materials from Insoluble Metal-Organic Polyhedra[END_REF] In this study, we prepared MOPs functionalized with ionic groups on their surfaces, which enabled the preparation of MOP-enzyme composites in mild water-based conditions. Ionic groups also created a strong driving force for this assembly without requiring chemical modification of enzymes, as their surfaces also naturally bear electric charges. This brought a general character to this approach, being potentially suitable for a wide variety of proteins. With this in perspective, we thus established charge-driven assembly of proteins with ionic MOPs as a green and biocompatible synthetic route to obtain composites, by simple mixing of enzyme and MOP solutions in water at neutral pH. To demonstrate the wide range of applicability for this method, assemblies were prepared using either cationic or anionic MOPs, combined with proteins having isoelectric points (pI) below or above 7, respectively. In particular, three proteins were selected for this study: Bovine serum albumin (BSA, pI = 4.5), catalase (Cat, pI = 5.4), and cytochrome c (CytC, pI= 10.0) (Figure 1B). In addition to their different charges, these proteins differ widely in size, [START_REF] Bujacz | Structures of Bovine, Equine and Leporine Serum Albumin[END_REF][START_REF] Fita | The NADPH Binding Site on Beef Liver Catalase[END_REF][START_REF] Bushnell | High-Resolution Three-Dimensional Structure of Horse Heart Cytochrome c[END_REF] further demonstrating the generality of this approach. Furthermore, to illustrate the interest of this method beyond simple protein assemblies, the enzymatic catalytic activity of immobilized Cat and CytC was evaluated.

Results and discussion

Preparation of ionic metal-organic polyhedra In order to guarantee hydrolytic stability, rhodium-based MOPs built with isophthalic acid (IPA) derivatives were selected (Figure 2). [START_REF] Furukawa | Rhodium-Organic Cuboctahedra as Porous Solids with Strong Binding Sites[END_REF][START_REF] Zhao | Rh(II)-Based Metal-Organic Polyhedra[END_REF] These MOPs typically adopt a cuboctahedral structure of formula [Rh24(IPA)24], with 24 isophthalates acting as the edges of the polyhedra and 12

Rh-dimers paddlewheels acting as the vertices, and exhibit an excellent stability in water over a wide range of pH. [START_REF] Mollick | Stabilizing Metal-Organic Polyhedra (MOP): Issues and Strategies[END_REF] Note that the unfunctionalized [Rh24(IPA)24] has a neutral charge and a very low solubility in water, and is therefore not relevant for this study. This type of MOP can however easily be functionalized, notably by introducing groups in position 5 on the isophthalates (Figure 2A). [START_REF] Albalad | Surface Chemistry of Metal-Organic Polyhedra[END_REF] Such modified MOPs are then constituted of a rigid Rh-isophthalate core having a diameter of 23 Å, surrounded by a shell of functional groups (Figure 2B). [START_REF] Furukawa | Rhodium-Organic Cuboctahedra as Porous Solids with Strong Binding Sites[END_REF][START_REF] Eddaoudi | Porous Metal-Organic Polyhedra: 25 Å Cuboctahedron Constructed from 12 Cu2(CO2)4 Paddle-Wheel Building Blocks[END_REF] In this study, we designed and prepared two novel Rh-MOPs, with ligands bearing either a positively-charged quaternary ammonium group (6-(3,5-dicarboxyphenoxy)-N,N,N-trimethylhexan-1-aminium chloride; H2LPos) or a negatively-charged sulfonate (sodium 6-(3,5-dicarboxyphenoxy)-hexane-1sulfonate; H2LNeg) in ω-position, respectively. [Rh24(LPos)24]nsol (RhPos) and [Rh24(LNeg)24]nsol (RhNeg) were obtained as dark green powders, that were easily redissolved in water (solubility > 5 mg/ml), resulting in clear blue-green solutions without sign of turbidity (Figures 2C andS1). [START_REF] Tranchemontagne | Reticular Chemistry of Metal-Organic Polyhedra[END_REF] H-NMR spectroscopy further confirmed the formation and high purity of RhPos and RhNeg, as only broad peaks corresponding to ligands fixed on a large sized object with slow rotation at the NMR timescale were observed (Fig- ures S2 andS3). The existence of MOPs as monodispersed entities in water was confirmed by dynamic light scattering (DLS), where peaks corresponding to their hydrodynamic diameters (ca. 3.9 ± 0.6 nm) were observed for both RhPos and RhNeg (Figure 2D). In addition, the zetapotentials of RhPos and RhNeg presented peaks at +25 ± 5 mV and -32 ± 5 mV respectively, confirming the highly ionic characters of the MOPs (Figure 2E). Assembly of RhPos with BSA Having established the success of water-soluble ionic MOPs' syntheses, we then prepared self-assembled structures with proteins. The method was first evaluated using BSA as a model protein. Since BSA is negatively charged at pH 7 (pI = 4.5), cationic RhPos were used for chargedriven self-assembly. Assemblies were prepared simply by mixing aqueous solutions of BSA and RhPos. Figure 3A shows a series of samples containing RhPos (0.5 mg/ml) and a range of BSA concentrations (from 0 to 4.33 mg/ml), observed 48 h after mixing. When BSA concentration was above 2 mg/ml, a turbidity appeared almost instantly after mixing, indicating the formation of self-assembled RhPos-BSA heterostructures. By contrast, mixing at pH 7 of anionic RhNeg with BSA did not result in the formation of a precipitate, due to coulombic repulsions (Figure S4). A RhNeg-BSA assembly was however observed at pH 3, a domain where BSA is positively charged (Figure S5). The RhPos-BSA system presented four distinct behaviors, depending on the BSA concentration. For concentrations of BSA below 0.8 mg/ml, the solutions remained clear, and no significant change was observed in the UV-visible absorbance spectra, suggesting the absence of assembly (Figure S6). From 0.8 to 2.5 mg/ml, a Tyndall scattering indicative of colloids was observed. DLS analysis (Figure 3B) indicated that these colloids remained typically of small size (diameter below 10 nm) for BSA concentrations below 1.8 mg/ml, and then increased dramatically in size, up to micrometric objects in suspension. For BSA concentrations ranging from 2.5 mg/ml to 3.7 mg/ml, the increased diameter of RhPos-BSA aggregates resulted in their sedimentation at the bottom of the vials. The supernatants remained clear and colorless, indicating that most of the RhPos were immobilized in the precipitates (Figure S7). Finally, for BSA concentrations above 3.7 mg/ml, a redispersion of the solid was observed, suggesting the formation of another type of colloidal RhPos-BSA assembly (Figure S8). Interestingly, colloids in the "Low BSA" domain presented a positive zeta potential, and colloids in the "High BSA" domain had a negative zeta potential (Figure S9). This suggests different microstructures for these colloids, with an outer layer rich in RhPos or in BSA respectively. As such, this bottom-up self-assembly process involving proteins and MOPs, as nanometer-sized species with a precisely defined structure, allowed a good control over the physical states of the MOP-protein composites. Notably, composites in a colloidal state with a continuous control of size ranging from a few nanometers to micronsized objects were obtained, by simple adjustments of the MOP-to-protein ratio. The association of BSA with RhPos was also observed at other pH (3, 5, 9 and 11) (Figures S10 to S13). pH 9 and 11 led to a shift of the precipitation domain toward lower BSA concentrations as BSA became more negatively charged. In acidic conditions, no precipitate was observed due to BSA being cationic (pH 3) or almost neutral (pH 5), but a coordination of BSA residues to the Rh-paddlewheels was observed nonetheless. The amount of BSA immobilized in the precipitates was determined using the bicinchoninic acid assay (BCA assay, Figure S14 and Table S1). [START_REF] Brown | Protein Measurement Using Bicinchoninic Acid: Elimination of Interfering Substances[END_REF] In these solids, analyses revealed a typical BSA content around 4.0 mg per mg of RhPos, corresponding to 1.4 MOP cages immobilized per BSA. Another interesting computed quantity characterizing these assemblies is the surface area of protein available for contact, normalized per MOP (and per single charge). Assuming an ellipsoidal shape for BSA, this value can be estimated around 80 nm 2 per MOP, corresponding to 3.3 nm 2 per ammonium group (Table S2). While the preparation of stable MOP-protein colloids is clearly worthy of further study, we focus in this work on the precipitable solids, as these allow for easy recovery and recycling after enzymatic catalysis. For this reason, we selected the composite obtained by mixing RhPos (0.5 mg/ml) and BSA (3 mg/ml) for further sample characterizations. Scanning electron microscopy (SEM) revealed notably a microstructure constituted of multiple aggregated submicronic nodules for this composite (Figure 3C). Elemental mapping using energy dispersive X-ray spectroscopy (EDX) revealed the coexistence of Rh, N and S atoms, confirming the presence of RhPos and BSA in the composite (Figures 3D, S115 andS16). Fourier transform infrared spectroscopy (FTIR, Figures 3E and3F) also provided a strong indication of the coexistence of RhPos and BSA in the composite, as characteristic peaks of both components were observed together. FTIR revealed minimal changes in the Amide I and II bands of BSA upon immobilization, indicating only minimal structural changes (Figure S17). [START_REF] Yang | Obtaining Information about Protein Secondary Structures in Aqueous Solution Using Fourier Transform IR Spectroscopy[END_REF] This minimal structural changes were also confirmed by measuring the fluorescence of tryptophane residues, as minimal changes of peak shape and position were observed (Figure S18). Differential scanning calorimetry (DSC) revealed a stabilizing effect of RhPos on BSA with a Tm shifted from 66.8 °C for BSA to 74.1 °C in RhPos-BSA (Figure S19). Interestingly, the formation of the composite RhPos-BSA resulted in a color change from green to purple, with a peak shift in the solid-state UVvisible absorbance from 613 nm to 566 nm (Figure 3G). Such peak shift is well established for Rh-carboxylate MOPs, and typically involves the coordination of amines in apical position on the Rh-paddlewheels. [START_REF] Carné-Sánchez | Self-Assembly of Metal-Organic Polyhedra into Supramolecular Polymers with Intrinsic Microporosity[END_REF] This indicates that the gathering of MOPs and proteins was promoted in its initial stage by attractive coulombic interactions, after which coordination bonds between the Rh-centers of RhPos and amino-acids residues of BSA were progressively established between species in contact, contributing to the stabilization of RhPos-BSA composites. This coexistence of several modes of stabilization is a direct benefit of the unique structure of MOPs, that combine a rigid core bearing accessible sites to establish coordination with other species, and a shell of flexible and relatively sparse functional ligands that help directing assembly processes without hindering access to the core surface. In consequence, while a high salt (NaCl) concentration hindered the formation of the RhPos-BSA, it did not affect the stability of already formed composites (Figure S20 and Table S3). The possibility to disassemble RhPos-BSA under relatively mild conditions was also examined (Table S4 and Figure S21). In addition to acetate buffer (pH 3) which caused BSA to become positively charged but may result in a protein denaturation, CaCl2 (1 M), acting as a competitive coordinating specie, proved very effective to disassemble the composite. Borate buffer (pH 9) and imidazole buffer (pH 7) were also efficient to disperse RhPos-BSA but led to the formation of colloids instead of fully dissociated systems. This highlights the potential benefits of such system for applications requiring controlled release of proteins in mild conditions. Assembly of RhPos with Cat Having established the fundamental aspects of MOPprotein self-assembly with the model protein BSA, we performed further studies with an enzyme, Cat, to highlight the potential of these assemblies for enzymatic catalysis (Figure 4). In solution, Cat is negatively charged at pH 7 (pI = 5.4), so assemblies were prepared with RhPos. A survey of RhPos-Cat precipitation over a range of Cat concentrations led us to select concentrations in RhPos of 0.5 mg/ml and in Cat of 2 mg/ml to prepare the RhPos-Cat composite (Figure S22). SEM-EDX elemental mapping confirmed the colocalization of Rh, S and N in the composite RhPos-Cat (Figure 4A). Traces of Fe originating from four hemic irons per Cat tetramer were also detected (Figure S23). In addition, the presence of RhPos and Cat in the composite was also confirmed by FTIR, where characteristic peaks from both constituents was observed (Figures 4B, S24 andS25). Furthermore, the similarity of the Amide I and II bands in FTIR spectra, of the fluorescence signal of tryptophan (Figure S26) and of the DSC profiles (Figure S19) strongly suggested the structural integrity of Cat tetramers. The UV-visible absorbance spectrum of RhPos-Cat presented bands attributed to both RhPos and Cat (Figure S27). In particular, the MOP-related band initially at 613 nm was shifted to 569 nm in the composite, suggesting in this case also a coordination of amines on the Rh-paddlewheels. Further information on the composition of RhPos-Cat was obtained by inductively coupled plasma S2), this composition corresponds to an available surface of contact for Cat of 55 nm 2 per MOP (2.3 nm 2 per ammonium group). The values for Cat are comparable to those for BSA, suggesting an overall similar mode of assembly. Cat is an enzyme that efficiently catalyzes the disproportionation of H2O2 into H2O and O2. An optical microscope view of a RhPos-Cat flake immersed in a H2O2 solution (0.5 wt%) is shown on Figure S28. The evolution of O2 bubbles from the surface of the material was clearly observed, confirming the preservation of the catalytic activity of Cat in the composite (a video is available in SI). To quantitatively characterize this catalytic activity, we performed kinetic profile analyses using the standard FOX colorimetric assay. [START_REF] Ou | A Discontinuous Method for Catalase Determination at 'near Physiological' Concentrations of H2O2 and Its Application to the Study of H2O2 Fluxes within Cells[END_REF] While RhPos alone did not demonstrate any catalytic activity, both Cat and RhPos-Cat caused a progressive decrease of H2O2 concentration (Figure 4C), following a first order reaction with regard to H2O2 (Figure 4D). RhPos-Cat reaction was associated with an observed kinetic constant kobs = 0.0294 s -1 , and a reaction rate constant kRhPos-Cat = 7.110 4 l.mol -1 .s -1 in the conditions used. As such, the catalytic activity of the enzyme was maintained in the composite. By comparison, the reaction rate constant for free Cat was 7.010 5 l.mol -1 .s -1 . Analyses using the Michaelis-Menten formalism (Figure S29) revealed that the decrease of activity was primarily due to a lower affinity of the substrate for the enzyme after immobilization (KM = 430 mmol/L for Cat and 3100 mmol/L for RhPos-Cat), and to a lesser extent, to a lower reaction speed (kCat = 490 s -1 for Cat and 220 s -1 for RhPos-Cat). Nevertheless, the decrease of activity was of only one Log, indicating a very minimal diffusion barrier within a solidstate catalyst. The retention of catalytic activity in our system is among the highest of this category (Table S5). Furthermore, RhPos-Cat demonstrated a good recyclability with 55 ± 2 % of its catalytic activity being preserved over eight recovery cycles (Figure 4E). Quantification of the Rh and Cat leaching indicated a good stability of the RhPos-Cat composite in these conditions (Table S6). In addition, we also followed the catalytic activity of suspensions of Cat and RhPos-Cat upon storage at room temperature (Figure 4F andS30). While Cat loss of activity was very fast (76% activity loss after 24 h), RhPos-Cat exhibited a higher stability (49% loss of activity after 24 h). RhPos-Cat also maintained a significant residual activity (> 10%) even after 12 days, while Cat barely showed any activity after 5 days. As such, charge-driven assembly with MOPs is a highly suitable approach to immobilize an enzyme, while preserving its catalytic activity and allowing its recyclability. Assembly of RhNeg with CytC In order to show the generality of charge-driven selfassembly immobilization with ionic MOPs, we also focused on an enzyme with a pI > 7, CytC (pI = 10.0), this time using RhNeg. For this enzyme, a precipitation survey indicated optimal concentrations for composite precipitation of 0.5 mg/ml RhNeg and 2 mg/ml CytC (Figure S31). Both FTIR and UV-Visible absorbance spectroscopy confirmed the presence of characteristic peaks originating from RhNeg and CytC in the composite (Figures S32 andS33). SEM-EDX elemental mapping also confirmed the colocalization of Rh, N and S in RhNeg-CytC (Figure 5A), with traces of Fe detected in the EDX spectrum (Figure S35). ICPMS titration indicated a mass fraction in RhNeg-CytC of 21 wt% for RhNeg, and 64 wt% for CytC (with the remaining 15 wt% corresponding to adsorbed water and other counter-ions), corresponding to 2.6 enzymes per MOP (i.e. 0.38 MOP per enzyme). With the same model as previously (Table S2), the average surface of CytC available was determined as 65 nm 2 per MOP (2.7 nm 2 per sulfonate). These values were comparable to those of RhPos-BSA and RhPos-Cat, suggesting a common trend among all these MOP-enzyme assemblies, despite opposite charges. CytC also possesses an enzymatic activity that was evaluated in the composite. More specifically, CytC acts as a peroxidase, capable of oxidizing substrates in presence of H2O2. As such, the catalytic activity of free and immobilized CytC was evaluated using the ABTS assay (2,2'-azino-bis(3ethylbenzothiazoline-6-sulfonate). [START_REF] Radi | Cytochrome C-Catalyzed Oxidation of Organic Molecules by Hydrogen Peroxide[END_REF] The formation of its oxidized form, ABTS +• , can easily be monitored by UVvisible spectroscopy (Figure 5B). The kinetic profiles for this reaction are shown on Figure 5C. Remarkably, the catalytic activity of the composite RhNeg-CytC in these conditions was significantly higher than that of the free CytC. More specifically, the initial reaction rate for RhNeg-CytC was 14.0 µM.s -1 per mg/ml[CytC], while it was only of 0.32 µM.s -1 per mg/ml [CytC] for free CytC at the same enzyme concentration. Immobilization of CytC with RhNeg MOPs resulted thus in a 44-fold increase of the enzyme catalytic activity. Note that RhNeg also possessed a slight peroxidase activity, with an initial reaction rate of 0.024 µM.s -1 per mg/ml [RhNeg]. Michaelis-Menten analysis provided further insight on this enhancement of reactivity (Figures S36 andS37). When H2O2 was considered as the substrate (Figure S36), RhNeg-CytC exhibited a slightly lower KM (12 mmol/L, versus 31 mmol/L for CytC) and a significantly higher kCat (7.2 s -1 , and 0.45 s -1 for CytC). Both effects contributed thus to the reactivity increase, but kinetic aspects were by far the most prevalent. When considering ABTS as the substrate (Figure S37), kCat was also significantly higher (0.66 s -1 for RhNeg-CytC and 0.0059 s -1 for CytC), which overcame the influence of a slightly higher KM in RhNeg-CytC (140 µmol/L, and 33 µmol/L for CytC). This improved catalytic activity for CytC immobilized in microporous matrices is often observed (albeit with lower reported magnitudes, see Table S7), [START_REF] Feng | Stable Metal-Organic Frameworks Containing Single-Molecule Traps for Enzyme Encapsulation[END_REF][START_REF] Lyu | One-Pot Synthesis of Protein-Embedded Metal-Organic Frameworks with Enhanced Biological Activities[END_REF][START_REF] Wu | Green Synthesis of Enzyme/Metal-Organic Framework Composites with High Stability in Protein Denaturing Solvents[END_REF][START_REF] Zhu | Nano-Biocatalysts of Cyt C@ZIF-8/GO Composites with High Recyclability via a de Novo Approach[END_REF][START_REF] Chen | Hydrogen-Bonded Organic Framework Biomimetic Entrapment Allowing Non-Native Biocatalytic Activity in Enzyme[END_REF] and was notably the topic of recent structural investigations [START_REF] Chen | Insights into the Enhanced Catalytic Activity of Cytochrome c When Encapsulated in a Metal-Organic Framework[END_REF][START_REF] Xing | Enhancing Enzyme Activity by the Modulation of Covalent Interactions in the Confined Channels of Covalent Organic Frameworks[END_REF] which showed that interactions between CytC and MOF pore walls led to a distortion of its active site and to an increase of activity. In our case, immobilization was notably associated with a minor broadening of the FTIR Amide I band for RhNeg-CytC, without shift of peak position (center at 1643 cm -1 ), (Figure S38) revealing that only a slight alteration of its overall structure occurred upon immobilization. As such, immobilizing CytC within a modular assembly of tightly packed and highly charged RhNeg may contribute even more efficiently to the improvement of CytC performances, as well as bringing the advantages of solid-state immobilization.

Assembly with Zr-based MOPs

To show the generality of this approach, we also examined the formation of composites using another type of MOP built based on zirconocene [START_REF] Liu | In Situ Construction of a Coordination Zirconocene Tetrahedron[END_REF][START_REF] El-Sayed | Zirconium Metal-Organic Cages: Synthesis and Applications[END_REF] ({[(cp)3Zr3(μ3-O)(μ2-OH)3]4(bdc)6}(OTf)4 ( ZrBDC(OTf)4) ; cp: = cyclopentadienyl, bdc: benzenedicarbxylate, OTf = trifluoromethanesulfonate) (Figure 6A). [START_REF] Gosselin | Ligand-Based Phase Control in Porous Zirconium Coordination Cages[END_REF][START_REF] Ouay | Crystalline Assembly of Metal-Organic Polyhedra Driven by Ionic Interactions with Polyoxometalates[END_REF] ZrBDC has the shape of a tetrahedron, with each vertex being a cp-capped zirconium oxocluster bearing a charge of +1, for a total charge of +4. While insoluble in pure water, ZrBDC(OTf)4 is relatively soluble in 10 wt% DMSO aqueous solution, which is a reasonably mild solvent system allowing structure preservation for most proteins. [START_REF] Arakawa | Protein Precipitation and Denaturation by Dimethyl Sulfoxide[END_REF][START_REF] Pabbathi | Structural Transformation of Bovine Serum Albumin Induced by Dimethyl Sulfoxide and Probed by Fluorescence Correlation Spectroscopy and Additional Methods[END_REF] ZrBDC being inherently cationic, assembly was performed with BSA (Figure S39). Similarly to the RhPos-BSA system, an assembly was observed almost instantly, resulting in colloids (BSA concentration between 1.25 mg/ml and 2 mg/ml), precipitates (2.25 mg/ml to 4.75 mg/ml) or colloids (above 5 mg/ml). A BSA concentration of 3 mg/ml was selected for the preparation of a larger scale batch for further characterization (Figure 6B). SEM-EDX revealed the colocalization of Zr originating from ZrBDC and N and S associated with BSA (Figure 6C). FTIR spectroscopy also confirmed the nature of the ZrBDC-BSA composite, with characteristic peaks of both ZrBDC (1547 cm -1 , 1397 cm -1 , 809 cm -1 ) and BSA (1650 cm -1 , 1531 cm -1 ) in the composite (Figures 6D andS40). Furthermore, peaks of OTf were mostly absent in the composite, [START_REF] Ouay | Crystalline Assembly of Metal-Organic Polyhedra Driven by Ionic Interactions with Polyoxometalates[END_REF] indicating a counter-ion exchange. The determination of the BSA content by BCA assay indicated the immobilization of 4.0 ZrBDC per BSA. By providing an additional example of MOP-protein assembly established with a MOP representative of another wide family of compounds, [START_REF] El-Sayed | Zirconium Metal-Organic Cages: Synthesis and Applications[END_REF] these results further demonstrate the potential of versatility of this bio-immobilization method. 

Conclusion

Through this series of examples, we established chargedriven co-assembly with ionic water-soluble MOPs as a powerful and versatile strategy for enzyme immobilization. Enabled by the targeted design of MOPs that conferred them good solubility and a high affinity for the surface of proteins, immobilization was achieved without requiring chemical modification of proteins and in extremely mild conditions, in water at neutral pH and room temperature, without salts and additives. Thanks to these mild conditions and to ionic MOPs acting as intrinsically porous spacers between proteins, favoring reactants and products mass transfer, immobilized enzymes maintained a substantial catalytic activity, and even showed a greatly improved activity in some cases. In addition, we also demonstrated a control over the physical state of the MOPenzyme composites, with notably the possibility to prepare solid precipitates or stable colloidal assemblies by modulating the MOP-to-protein ratio during the syntheses. Thanks to the design versatility of MOPs where anionic, cationic, or non-polar groups can easily be introduced, this method is expected to find suitability with a very wide range of enzymes and conditions. This immobilization strategy provides thus a great toolbox for the realization of functional hybrid biomaterials, where MOP-enzyme composites can be formulated on demand from solutions and then integrated into systems.

ASSOCIATED CONTENT

Additional characterizations, Video showing the O2 evolution from a RhPos-Cat composite. This material is available free of charge via the Internet at http://pubs.acs.org.

Figure 1 .

 1 Figure 1. A. Principle of the preparation of charge-driven assemblies of proteins and MOPs. B. Structural models of the proteins used in this article. (BSA: Bovine serum albumin; Cat: Catalase (from bovine liver); CytC: Cytochrome c (from equine heart)), and charge over the pH range. All proteins are represented to scale (scale-bar: 2nm).

Figure 2 .

 2 Figure 2. Synthesis of water-soluble ionic MOPs. A. Ligand structures. B. Structural model of RhPos (grey: carbon; white: hydrogen; red: oxygen; blue: nitrogen; teal: rhodium). RhNeg has a similar structure, save for the presence of a sulfonate group instead of a quaternary ammonium on the pending chains. C. Photography of RhPos and RhNeg solutions in water (5 mg/ml). D. DLS size distribution profiles of RhPos and RhNeg solutions in water. E. Zeta potentials of RhPos and RhNeg in water.

Figure 3 .

 3 Figure 3. Preparation and characterization of RhPos-BSA composites. A. Photographs of a series of RhPos-BSA composites prepared with BSA concentrations ranging from 0 to 4.33 mg/ml. The concentration of RhPos was fixed as 0.5 mg/ml. Samples were aged 48 h before the picture was taken. B. Evolution of the DLS diameter for RhPos-BSA composites prepared with several concentrations of BSA. C-G. Characterizations of a solid-state RhPos-BSA composite. C. SEM micrograph of RhPos-BSA. The scale-bar represents 2 mm. D. SEM-EDX elemental mapping of RhPos-BSA. E, F. FTIR spectra of RhPos-BSA composites and of its constituents. In the zoomed in view (F), characteristic peaks of BSA and RhPos are indicated with dashed lines. G. Solid-state UV-visible absorbance spectra of RhPos-BSA composites and of its constituents.

Figure 4 .

 4 Figure 4. Characterization of the RhPos-Cat composite. A. SEM-EDX elemental mapping of RhPos-Cat. B. FTIR spectra of RhPos-Cat and its constituents. C, D. Catalytic activity of RhPos-Cat and its constituents for the decomposition of H2O2. In the semi-log plot (D), the measurement points are aligned, indicating an exponential decay, i.e. a first order kinetics with respect to H2O2. Reaction was performed at room temperature in HEPES buffer (50 mM, pH 7.5). E. RhPos-Cat activity after recycling cycles. F. Evolution of the activity of Cat and RhPos-Cat stored several days in HEPES buffer (50 mM, pH 7.5) at room temperature. Error bars represent one standard deviation over triplicated measurements.

Figure 5 .

 5 Figure 5. Characterization of the RhNeg-CytC composite. A. SEM-EDX elemental mapping of RhNeg-CytC. B. UV-Visible spectra of RhNeg-CytC and its constituents. RhNeg-CytC spectra are presented before and after ABTS oxidation. C. Catalytic activity of RhNeg-CytC and its constituents, followed by monitoring the evolution of ABTS +• by UV-Visible absorbance spectroscopy, at 736 nm. Measurement conditions: HEPES buffer (50 mM, pH 7.5), 0.3 mM ABTS, 1mM H2O2. Catalyst concentrations are as follow: RhNeg-CytC: 100 µg/ml (corresponding to 64 µg/ml of CytC); CytC: 64 µg/ml; RhNeg: 100 µg/ml). mass spectroscopy (ICPMS) titration of Rh and Fe. This analysis indicated a mass fraction in RhPos-Cat of 12 wt% for RhPos, and 50 wt% for Cat (with the remaining 38 wt% being adsorbed water or other counter-ions), corresponding to 5.5 RhPos per Cat tetramer. Using the same model of an ellipsoidal shape for Cat as for BSA (TableS2), this composition corresponds to an available surface of contact for Cat of 55 nm 2 per MOP (2.3 nm 2 per ammonium group). The values for Cat are comparable to those for BSA, suggesting an overall similar mode of assembly. Cat is an enzyme that efficiently catalyzes the disproportionation of H2O2 into H2O and O2. An optical microscope view of a RhPos-Cat flake immersed in a H2O2 solution (0.5 wt%) is shown on FigureS28. The evolution of O2 bubbles from the surface of the material was clearly observed, confirming the preservation of the catalytic activity of Cat in the composite (a video is available in SI). To quantitatively characterize this catalytic activity, we performed kinetic profile analyses using the standard FOX colorimetric assay.[START_REF] Ou | A Discontinuous Method for Catalase Determination at 'near Physiological' Concentrations of H2O2 and Its Application to the Study of H2O2 Fluxes within Cells[END_REF] While RhPos alone did not demonstrate any catalytic activity, both Cat and RhPos-Cat caused a progressive decrease of H2O2 concentration (Figure4C), following a first order reaction with regard to H2O2 (Figure4D). RhPos-Cat reaction was associated with an observed kinetic constant kobs = 0.0294 s -1 , and a reaction rate constant kRhPos-Cat = 7.110 4 l.mol -1 .s -1 in the conditions used. As such, the catalytic activity of the enzyme was maintained in the composite. By comparison, the reaction rate constant for free Cat was 7.010 5 l.mol -1 .s -1 . Analyses using the Michaelis-Menten formalism (FigureS29) revealed that the decrease of activity was primarily due to a lower affinity of the substrate for the enzyme after immobilization (KM = 430 mmol/L for Cat and 3100 mmol/L for RhPos-Cat), and to a lesser extent, to a lower reaction speed (kCat = 490 s -1 for Cat and 220 s -1 for RhPos-Cat). Nevertheless, the decrease of activity was of only one Log, indicating a very minimal diffusion barrier within a solidstate catalyst. The retention of catalytic activity in our system is among the highest of this category (TableS5). Furthermore, RhPos-Cat demonstrated a good recyclability with 55 ± 2 % of its catalytic activity being preserved over eight recovery cycles (Figure4E). Quantification of the Rh and Cat leaching indicated a good stability of the RhPos-Cat composite in these conditions (TableS6). In

Figure 6 .

 6 Figure 6. Characterization of the ZrBDC-BSA composite. A. Crystal structure of ZrBDC 73 and geometrical model as a tetrahedron (Gray: carbon; red: oxygen; light blue: zirconium. Hydrogen atoms are omitted). B. Photograph of ZrBDC-BSA composite collected in a centrifuge tube. Concentration of ZrBDC was 0.5 mg/ml, and BSA was 3 mg/ml. C. SEM-EDX elemental mapping of ZrBDC-BSA. D. FTIR spectra of ZrBDC-BSA and of its constituents. Characteristic peaks of OTf and DMSO are indicated by + and * respectively.
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