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Introduction

The protein interactions with solid interfaces have a long history, from the origin of life to the new high performance materials for industry. That is the raison why the topic has been of interest for numerous research teams for a long time. From a material point of view, the protein adsorption depends on its structure and its surface properties. Whatever the material, numerous applications have been targeted such as biosensors, implants, environment for pollutant degradation, biofuel production, energy, food [START_REF] Sardar | Enzyme Immobilization: An Overview on Nanoparticles as Immobilization Matrix[END_REF]. To illustrate the importance of such hybrid protein/materials, we can mention enzymes that catalyst the reaction involved in biological regulation and metabolism. These proteins ensure that kinetics and thermodynamics of chemical reactions are compatible with life condition [START_REF] Keller | ScienceDirect The widespread role of non-enzymatic reactions in cellular metabolism[END_REF]. Numerous nanostructured materials such as nanoparticles, nanofibers and mesoporous materials were extensively studied to load enzymes for applications in energy, health, sensor, storage, separation, catalysis etc [START_REF] Lee | Stabilization of protein encapsulated in poly(lactide-coglycolide) microspheres by novel viscous S/W/O/W method[END_REF][START_REF] Mehta | Recent advances in enzyme immobilization techniques: Metal-organic frameworks as novel substrates[END_REF][START_REF] Cipolatti | Current status and trends in enzymatic nanoimmobilization[END_REF]. Materials doped with enzymes have a real interest to the market for their reusability [START_REF] Zhang | Enhanced Activity of Immobilized or Chemically Modified Enzymes[END_REF]. Whatever the applications and the materials, the goal is to improve the stability and/or the enzyme activity. To do so, different strategies of immobilization as well as insitu entrapment, are reported [START_REF] Mateo | Improvement of enzyme activity, stability and selectivity via immobilization techniques[END_REF]. However, despite extensive studies and the improved understanding of protein structure, the approaches to synthesize such hybrid materials are empirical as perfectly describe by Hudson et al. [START_REF] Hudson | Proteins in mesoporous silicates[END_REF][START_REF] Hudson | Methodology for the immobilization of enzymes onto mesoporous materials[END_REF], or Bolivar et al. [START_REF] Bolivar | Advanced characterization of immobilized enzymes as heterogeneous biocatalysts[END_REF]. The methodology described by Secundo takes into account the protein conformation but the approach is still random [START_REF] Secundo | Conformational changes of enzymes upon immobilisation[END_REF]. Adsorption of proteins on solid surfaces has been studied for several decades and the general concepts are nowadays well established. To improve our knowledge in the active field of enzyme immobilization a clear view about how the interface modulates the conformation and activity of the enzymes is crucial. Beside the conformation, the orientation that influences the accessibility of active site and the ability of internal motion are also important factor in the enzyme activity. Although no general rules can be formulated, one challenge would be to be able to predict the protein behavior on liquid/solid interface regarding their folding energy and the physical-chemistry properties of material. Conversely the fundamental understanding of the protein adsorption processes is not only essential to design and optimize these materials, but also to evaluate the impact of the material on health such as the use of nanoparticles [START_REF] Walkey | Understanding and controlling the interaction of nanomaterials with proteins in a physiological environment[END_REF], dialysis membrane, scaffold etc… The protein adsorption is also the first step in the response to artificial material. Despite the importance of this process in regenerative medicine and the effort provided by numerous groups around the world, many question are still open, such as the quantitative description of structure/properties relationship, the protein selectivity and the role of absorbed proteins on the response to artificial materials [START_REF] Vogler | Protein adsorption in three dimensions[END_REF]. As exemple, the fibrinogen is a key factor in the thrombogenicity of numerous biomaterials. The prediction of its behavior on material is essential because its adsorption limits the platelet adhesion [START_REF] Zhang | The influence of surface chemistry on adsorbed fibrinogen conformation, orientation, fiber formation and platelet adhesion[END_REF]. The conformation of the material layer on a solid surface can also play a role. As an example, a high density of polyethylene glycol (PEG) that adopts a brush conformation is more efficient to prevent the protein adsorption than a mushroom conformation. Similar trends was also reported for stimuli responsive polymer such as poly(N-isopropylacrylamide) (PMIPAM) [START_REF] Xue | Protein adsorption on poly(N -isopropylacrylamide) brushes: Dependence on grafting density and chain collapse[END_REF][START_REF] Yu | Protein adsorption on poly(Nisopropylacrylamide)-modified silicon surfaces: Effects of grafted layer thickness and protein size[END_REF][START_REF] Zhao | Inhibition of protein adsorption and cell adhesion on PNIPAAm-grafted polyurethane surface: Effect of graft molecular weight[END_REF]. The wettability and surface charge are also involved on the protein process [START_REF] Molino | Fibronectin and bovine serum albumin adsorption and conformational dynamics on inherently conducting polymers: A QCM-D study[END_REF]. The salt concentration is also important for the protein adsorption [START_REF] Han | Tuning protein adsorption on charged polyelectrolyte brushes via salinity adjustment[END_REF]. As exemple the albumin allow to prevent the nanoparticle aggregation on salted medium [START_REF] Dominguez-Medina | Adsorption of a protein monolayer via hydrophobic interactions prevents nanoparticle aggregation under harsh environmental conditions[END_REF][START_REF] Sabela | A Review of Gold and Silver Nanoparticle-Based Colorimetric Sensing Assays[END_REF][START_REF] Lepoitevin | Gold nanoparticles for the bareeye based and spectrophotometric detection of proteins, polynucleotides and DNA[END_REF][START_REF] Barbero | Formation of the Protein Corona: The Interface between Nanoparticles and the Immune System[END_REF]. The protein detection using single solid-state nanopore is one topic where the understanding of protein adsorption is crucial. In this field, several papers mention that the protein translocation are slower and the number of event lowers that the expected one [START_REF] Plesa | Fast translocation of proteins through solid state nanopores[END_REF][START_REF] Oukhaled | Dynamics of completely unfolded and native proteins through solid-state nanopores as a function of electric driving force[END_REF]. To explain this, Balme and co-workers have demonstrated a correlation between the number of event and the affinity between the protein and the nanopore surface [START_REF] Balme | Influence of adsorption on proteins and amyloid detection by silicon nitride nanopore[END_REF].

In most of the cases, the protein adsorption is principally evaluated from the point of view of the material properties rather than the protein one. Indeed we can find reviews specifically focused on bioceramics for the application such as implants [START_REF] Wang | A review of protein adsorption on bioceramics[END_REF], metal organic framework for enzyme immobilisation [START_REF] Mehta | Recent advances in enzyme immobilization techniques: Metal-organic frameworks as novel substrates[END_REF] [START_REF] Gkaniatsou | Metal-organic frameworks: A novel host platform for enzymatic catalysis and detection[END_REF] [START_REF] Lian | Enzyme-MOF (metal-organic framework) composites[END_REF], nanoparticles [START_REF] Sardar | Enzyme Immobilization: An Overview on Nanoparticles as Immobilization Matrix[END_REF][START_REF] Assfalg | The study of transient protein-nanoparticle interactions by solution NMR spectroscopy[END_REF][START_REF] Liu | Protein-gold nanoparticle interactions and their possible impact on biomedical applications[END_REF][START_REF] Lynch | Protein-nanoparticle interactions[END_REF][START_REF] Pino | Protein corona formation around nanoparticles -From the past to the future[END_REF][START_REF] Mahmoudi | Protein À Nanoparticle Interactions : Opportunities and Challenges[END_REF], mesoporous materials for energy and environmental applications [START_REF] Jiang | Molecular simulations for energy, environmental and pharmaceutical applications of nanoporous materials: From zeolites, metal-organic frameworks to protein crystals[END_REF] as well as polymeric surfaces [START_REF] Firkowska-Boden | Controlling Protein Adsorption through Nanostructured Polymeric Surfaces[END_REF] . Others are focused on specific types of protein such as enzymes for catalysis applications or on the impact of confinement on enzymatic reaction [START_REF] Cipolatti | Current status and trends in enzymatic nanoimmobilization[END_REF][START_REF] Küchler | Enzymatic reactions in confined environments[END_REF][START_REF] Ansari | Potential applications of enzymes immobilized on/in nano materials: A review[END_REF][START_REF] Talbert | Enzymes on material surfaces[END_REF][START_REF] Rodrigues | Modifying enzyme activity and selectivity by immobilization[END_REF], as well as their stabilization [START_REF] Mateo | Improvement of enzyme activity, stability and selectivity via immobilization techniques[END_REF][START_REF] Kim | Nanostructures for enzyme stabilization[END_REF] or fibrinogen adsorption on biomaterials [START_REF] Horbett | Fibrinogen adsorption to biomaterials[END_REF]. All these reviews agree with the fact that protein adsorption is highly complicate and more investigations are required to go toward predictive models.

As we mentioned, the approach to immobilize proteins (especially enzymes) on a material is almost completely empirical. It consists in the optimization of the material taking into account external factors [START_REF] Zhang | Enhanced Activity of Immobilized or Chemically Modified Enzymes[END_REF]. However the protein-material interactions were extensively investigated in numerous type of surfaces, aiming to understand the effect of the immobilization conditions on the protein conformation, stability, activity and effectiveness [START_REF] Secundo | Conformational changes of enzymes upon immobilisation[END_REF]. However, despite these efforts, basic questions about the structural details of the absorbed protein are still difficult to answer [START_REF] Secundo | Conformational changes of enzymes upon immobilisation[END_REF][START_REF] Gray | The interaction of proteins with solid surfaces[END_REF]. Thus, no predictive models emerged to forecast if an adsorbed protein has chance to maintain its biological activity. This is re-enforced by the fact that the time scale to optimize the protein conformation on the surface is not compatible with molecular dynamic simulations.

In the literature, we can find a first attempt to categorize the protein behavior on the surface. The concept of "hard" and "soft" protein based on empirical observations is useful but not based on clear intrinsic protein properties. In other word, it is not possible to a priori classify a protein in one of the two classes. With the recent advances in the understanding of the protein structure, their folding and the development of bio-computing, it could be possible to propose a way to predict the protein behavior on materials.

In this review, we will report the protein adsorption from the protein point of view, with a particular attention to the structural changes. We connect the new advances on protein structure with the literature on the protein adsorption on a large number of materials. We aim to open a new way to go for a predictive model to evaluate the protein behavior on materials. This review is divided in three main sections. The first one deals with the kinetic point of view. We will discuss about several discrepancies often found in literature such as the use of the Langmuir isotherm. The second section is focus on the protein structure point of view where a discussed the relation with the protein conformation change with the CATH classification. The last section deals with the protein corona on nanoparticle and attempts to make some correlation with the concept of hard and soft protein.

Kinetics point of view

Forces involved in the protein adsorption processes

The protein adsorption on a solid-state surface was wisely qualified as a "common but very complicated phenomenon" by Nakanishi and co-authors [START_REF] Nakanishi | On the adsorption of proteins on solid surfaces, a common but very complicated phenomenon[END_REF]. The complexity of this process is inherent to the protein structure. The adsorption is the result of various interactions between the surface, the protein but also the solvent and other small molecules and ions present in solution [START_REF] Haynes | Globular proteins at solid/liquid interfaces[END_REF]. From the protein point of view, the interactions which drive the adsorption process are the same than those who maintain its tridimensional structure. They cover a large scale of energy from covalent bonds (i.e. disulfide bridge 320 kJ mol -1 ), electrostatic interactions (35 to 90 kJ mol -1 ), hydrogen bonds (8 to 40 kJ mol -1 ), van der Wall interactions and hydrophobic interactions (4 to 12 kJ mol -1 ). Regardless the mechanism, the spontaneous protein adsorption (at constant pressure and temperature) on material can occur only if the Gibbs energy ∆ of the system decreases.

∆ = ∆ -∆ < 0 (1) 
where ∆ and ∆ are the variation of enthalpy and entropy during the adsorption process. At the native state in solution, the conformational entropy of protein is low. The passage from solvated to the adsorbed state induces a loss of configurationally entropy [START_REF] Garland | Mobile precursor mediated protein adsorption on solid surfaces[END_REF]. In the equation 1, several phenomena are involved which can be decomposed as subprocess: (i) change in the state of hydration both for the solvent and the protein surface, (ii) redistribution of charged groups and (iii) rearrangement in the protein structure. All these subprocesses contribute to ∆ [START_REF] Haynes | Globular proteins at solid/liquid interfaces[END_REF]. The complexity of the protein behavior makes difficult to predict its adsorption process on a solid state surface.

The approaches to explain the protein adsorption on hydrophilic and charged materials are more focused on electrostatic and hydrophilic considerations. It is well-known that the electrostatic interaction has a role on the protein adsorption [START_REF] Hartvig | Protein adsorption at charged surfaces: The role of electrostatic interactions and interfacial charge regulation[END_REF]. However, as demonstrated by simulations, the electrostatics cannot fully explain the protein adsorption process [START_REF] Kubiak-Ossowska | What governs protein adsorption and immobilization at a charged solid surface?[END_REF][START_REF] Kubiak-Ossowska | Mechanism of hen egg white lysozyme adsorption on a charged solid surface[END_REF]. Usually, any explanation of the protein adsorption underestimates the importance of hydrophobic interactions. A perfect illustration was the adsorption enhancement of methyled Bovin Serum Albumin (BSA) on montmorillonite reported by Stauton and Quiquampoix. The author have highlighted a real contradiction between the hydrophilic character of material (a clay mineral), on which the adsorption of hydophobic protein has promoted. [START_REF] Staunton | Adsorption and Conformation of Bovine Serum-Albumin On Montmorillonite -Modification of the Balance Between Hydrophobic and Electrostatic Interactions By Protein Methylation and Ph Variation[END_REF]. The pH plays a role in the protein structure and its global charge. Its effect depends on the kind of interaction between the protein and the material. If the electrostatic interactions dominate the adsorption, the dependence on the pH will be high [START_REF] Causserand | Modification of clay cake permeability by adsorption of protein[END_REF]. Even if we cannot enounce a general law, there is a general tendency for all proteins to be pH dependent in terms of adsorption. For pH<isoelectric point (IEP), the adsorption increases with pH until the IEP. For pH>IEP, it decreases with the pH. It was reported that the maximum of interfacial concentration is reached at pH close to IEP, for instance, for DNA polymerase [START_REF] Vettori | Adsorption and binding of AmpliTaq?? DNA polymerase on the clay minerals, montmorillonite and kaolinite[END_REF], Monomeric Bt CryA1 [START_REF] Helassa | Adsorption and desorption of monomeric Bt (Bacillus thuringiensis) Cry1Aa toxin on montmorillonite and kaolinite[END_REF], and Laccase [START_REF] Hu | Comparative study of immobilized Trametes versicolor laccase on nanoparticles and kaolinite[END_REF] This behavior is assigned to the protein neutral net charge which minimize the electrostatic repulsion effect [START_REF] Helassa | Adsorption and desorption of monomeric Bt (Bacillus thuringiensis) Cry1Aa toxin on montmorillonite and kaolinite[END_REF]. As previously mentioned, the electrostatic attraction is easily counterbalanced by the optimization of the number of weak interactions relative to the protein unfolding. This general description does not claim to predict the behavior of all proteins. In the case of Bt CryA1, it was reported that the optimal pH for the adsorption is close to the isoelectric point for Mt and kalonite [START_REF] Helassa | Adsorption and desorption of monomeric Bt (Bacillus thuringiensis) Cry1Aa toxin on montmorillonite and kaolinite[END_REF]. However opposite results were reported by Zhou et al. where the optimal pH is 9 for clay mineral [START_REF] Zhou | Adsorption of the insecticidal protein of Bacillus thuringiensis on montmorillonite, kaolinite, silica, goethite and Red soil[END_REF].

Kinetics of adsorption

The kinetics of the protein (P) adsorption on a surface (C) can be represented as follow:

where kads and kdes are, respectively, the kinetic constants of adsorption and desorption. The general kinetic equation implies that the adsorption process is reversible.

= - Γ ( 2 
)
where Ci is the protein concentration in solution close to the solid interface, Γ is the interfacial concentration of protein, the parameter is relative to the surface coverage. In the case of irreversible adsorption, a frequent case talking of clay mineral, we have = 0, which limits the kinetics to the first term of equation 1.

The protein adsorption on solid state surface is composed of three steps. The first one is the protein transport from the bulk to the interface. This step involves the diffusion and other motion forces (convection, stirring) [START_REF] Vasina | Adsorption of α-chymotrypsin onto mica in laminar flow conditions. Adsorption kinetic constant as a function of tris buffer concentration at pH 8.6[END_REF]. The second one is the adsorption and the last one is the future of the protein. The first step usually controls the kinetic of adsorption when the protein transport to the interface is slower than the interfacial reaction. If the protein transport is only driven by the diffusion, the kinetics follows the Smoluchowski model.

Γ = 2 (3) 
where is Γ the interfacial concentration, D the diffusion coefficient of the protein and Cb the protein concentration in the bulk. The Leveque model is often more suitable to follow the protein adsorption kinetics since it takes into account the convection. When the protein adsorption is limited by the diffusion and/or convection, the protein concentration close to the interface tends to zero. This depletion is usually theoretically determined by calculation of the Levêque distance [START_REF] Déjardin | Initial Adsorption Kinetics in a Rectangular Thin Channel, and Coverage-Dependent Structural Transition Observed by Streaming Potential[END_REF][START_REF] Déjardin | An accurate simplified data treatment for the initial adsorption kinetics in conditions of laminar convection in a slit: Application to protein adsorption[END_REF]. The distance of depletion is a key point in the membrane science or in the coating process by proteins since it will influence the contact time required for an optimal protein covering. Despite the interest to characterize the depletion zone, the latter was never experimentally observed, even if confocal setups should be suitable to solve this issue [START_REF] Balme | Potentialities of confocal fluorescence for investigating protein adsorption on mica and in ultrafiltration membranes[END_REF]. In certain cases, the adsorption process is limited by the interfacial reaction. Here the protein concentration close to the interface is quasi-uniform and no depletion occurs. In order to describe the passage from the transport controlled by the diffusion to the one controlled by the interfacial reaction, one approximation is based on the addition of the characteristic time of both processes. However an exact solution was proposed in the case of slit geometry [START_REF] Déjardin | An accurate simplified data treatment for the initial adsorption kinetics in conditions of laminar convection in a slit: Application to protein adsorption[END_REF].

Several models were used to follow the protein adsorption taking into account the three steps. The most commonly used is the Langmuir model. The latter assumes that surface has a definite number of adsorption sites which are energetically equivalent and the adsorption process is reversible. In addition, at the equilibrium, desorption and adsorption occur and surface sites are occupied by a homogeneous monolayer. The Langmuir isotherm is the most used to describe the protein adsorption when equilibrium state is reached. [START_REF] Ghiaci | Enzyme immobilization: Part 2. Immobilization of alkaline phosphatase on Na-bentonite and modified bentonite[END_REF][START_REF] Dong | Comparative study on lipases immobilized onto bentonite and modified bentonites and their catalytic properties[END_REF] However, from a fundamental point of view, this model is not acceptable for several reasons (i) the protein adsorption is often irreversible, (ii) the surface of the material is rarely homogeneous and (iii) after adsorption protein unfolding and/or reorientation can occur. [START_REF] Latour | The Langmuir isotherm: A commonly applied but misleading approach for the analysis of protein adsorption behavior[END_REF] For the heterogeneous materials (i.e. clay mineral), the empirical Freundlich equation is commonly reported to describe the protein adsorption. Compared to the Langmuir one, it does not assume that the surface is homogenous which is more realistic for material where the protein can adsorb on different non-equivalent sites. However, it assumes that the saturation state is never reached that is not realistic. It is also interesting to notice that for a similar material the protein absorption was reported as Langmuir or Freundlich by different authors, for instance, for the BSA on natural Kaolinite [START_REF] Duarte-Silva | Structural, textural and protein adsorption properties of kaolinite and surface modified kaolinite adsorbents[END_REF][START_REF] Barral | Interactions between whey proteins and kaolinite surfaces[END_REF][START_REF] Alkan | Surface properties of bovine serum albuminadsorbed oxides: Adsorption, adsorption kinetics and electrokinetic properties[END_REF], the lipase on Bentonite Na + or exchanged with surfactant [START_REF] Ghiaci | Enzyme immobilization: Part 2. Immobilization of alkaline phosphatase on Na-bentonite and modified bentonite[END_REF][START_REF] Dong | Comparative study on lipases immobilized onto bentonite and modified bentonites and their catalytic properties[END_REF]. Both Langmuir and Freudlich models have strong weakness in describing the protein adsorption and thus several models were proposed aiming a description that could take in account both the heterogeneity of the surface and the maximum of surface coverage. Sposito and coworker proposed an alternative to Freundlich equation which includes the maximum of surface coverage [START_REF] Sposito | Derivation of the Freundlich Equation for Ion Exchange Reactions in Soils[END_REF]. Another model called "Freundlich-Langmuir" derivated from Langmuir model adds an empirical factor of heterogeneity. The hydrid approach "Freundlich-Langmuir" seems particularly efficient to describe the gelatin adsorption on calcium and sodium bentonite [START_REF] Shamsuddin | Producing protein intercalated bentonite -Equilibrium, kinetics and physical properties of gelatin-bentonite system[END_REF]. It is less employed than Langmuir and Freundlich model despite their theoretical approximations. However, none of these models take into account the fundamental problem of the reversibility of the protein adsorption. Thus, we can ponder about the relevance to use these models because they are based on erroneous the assumption. The fact is that there are not simple model to provide a real description of the complexity of protein adsorption on clay mineral. Isotherms can be used to provide a rough "quantification" of a pseudo-equilibrium constant or a maximum of the interfacial concentration, which allow the comparison of the influence of different experimental conditions, intercalated molecule, material, etc. However, they should not be employed to explain the adsorption mechanism. In other we can reword the Latour's conclusion [START_REF] Latour | The Langmuir isotherm: A commonly applied but misleading approach for the analysis of protein adsorption behavior[END_REF], the protein adsorption look like a Langmuir (or Freundlich) adsorption process and the data are nicely fitted by these models but it is not a simple Langmuir (or Freundlich) adsorption process excepted may be in extremely rare cases.

In the case of homogenous surfaces, the random sequential adsorption (RSA) was developed to overcome the weakness of Langmuir model. In this model the protein adsorption is still considered irreversible but it does not assume an organized and optimal surface coverage [START_REF] Schaaf | From Random Sequential Adsorption to Ballistic Deposition: A General View of Irreversible Deposition Processes[END_REF]. The model is useful if the protein keeps its structure and orientation on the surface. Indeed it takes into account the protein unfolding, surface rearrangement and desorption. In this case, the multiple-stage model are more suitable to describe a reversible adsorption process that is often observed experimentally [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF]. It also allows to consider the modification of the protein structure. The rollover model is allowed to describe the reorientation (typically end-on/side-on) of a protein after adsorption on surface. It was reported for fibrinogen at high concentration where the second stage consists in the rearrangement of the protein to minimize its energy [START_REF] Roach | Surface tailoring for controlled protein adsorption: Effect of topography at the nanometer scale and chemistry[END_REF]. Other more complex kinetics models such as surface cluster or tracking model were also reported [START_REF] Rabe | Understanding protein adsorption phenomena at solid surfaces[END_REF].

The protein structure point of view

Energy landscape of protein

Proteins are complex macromolecules composed by a linear chain of amino acids. Their conformations result from several level of structuration. The first one corresponds to the linear chain of amino acids. The secondary structure is the local folding in regular structure such as α-helix or βsheet. The tertiary structure is the global folding of the protein. Finally the quaternary structure is the aggregation of monomer units of a same polypeptide chain. The 3D structure of monomeric proteins is driven by the secondary and tertiary structure. It results from a sum of intra-chain interactions which are necessary to minimize the energy of the protein chain. The native structure is the operating form which usually corresponds to a low energetic state. However, the structure of the protein cannot be reduced to a native and an unfolded state [START_REF] Vendruscolo | Towards complete descriptions of the free-energy landscapes of proteins[END_REF]. They can adopt numerous transition states of folding corresponding to low energy states [START_REF] Jahn | The Yin and Yang of protein folding[END_REF][START_REF] Malhotra | Tuning Cooperativity on the Free Energy Landscape of Protein Folding[END_REF][START_REF] Tzul | Evidence for the principle of minimal frustration in the evolution of protein folding landscapes[END_REF]. These states of misfolding protein are also involved in the aggregation processes [START_REF] Yu | Protein misfolding occurs by slow diffusion across multiple barriers in a rough energy landscape[END_REF]. The passage between these different conformations requires additional energy (temperature or irradiation) or a modification of the energy landscape by chemical agent (pH, molecule, ionic strength, solvent). The protein design is based on the success of the structural prediction [START_REF] Pontiggia | Free energy landscape of activation in a signalling protein at atomic resolution[END_REF][START_REF] Min | Mapping the energy landscape for second-stage folding of a single membrane protein[END_REF]. The protein denaturation corresponds to a modification of the secondary and tertiary structure. In the case of enzymes, it is often followed by a loss of activity. Even if the energy landscape model seems to have a general consensus, the protein folding is still an open scientific question [START_REF] Mallamace | Energy landscape in protein folding and unfolding[END_REF]. Indeed, the folding can be driven by a wide range of interactions that can be competitive, such as short range hydrophilic, hydrophobic and long range electrostatic [START_REF] Tsai | Electrostatics, structure prediction, and the energy landscapes for protein folding and binding[END_REF]. Additionally, the polypeptide chain offers thousand degrees of freedom related to their bond angles and to the motion of the solvent [START_REF] Neupane | Protein folding trajectories can be described quantitatively by one-dimensional diffusion over measured energy landscapes[END_REF]. In order to describe the different states of the protein folding, the protein adsorption can also be represented by an energy landscape where the different conformations have different energetic levels. In 2012, Pan and his co-workers have opened the way to this concept. They described the protein GB1 adsorption on a latex particle (80 nm diameter ) following its unfolding [START_REF] Pan | How do proteins unfold upon adsorption on nanoparticle surfaces?[END_REF]. This concept can be extended to the protein adsorption (Figure 1). Indeed, we can imagine that a protein can be adsorption on surface with numerous conformations corresponding to several minimum of energy. The lowest energetic state would correspond to protein conformation where the weak interactions with the surface are optimized, typically, an unfolded state. The other states have higher energy. Similarly to the protein energy landscape in solution, the passage to a stable conformation requires to overcome an energy barrier that mainly depends on the intrinsic protein energy, or in other word its unfolding energy. As in solution, these barriers can be modulated with the environmental condition, such as the solvent condition, the presence of surfactant and the material surface and size properties. 

Hard/soft proteins: how improve the classification

The concept of "hard" and "soft" protein was proposed by Takaaki and Norde [START_REF] Arai | The behavior of some model proteins at solid-liquid interfaces 1. Adsorption from single protein solutions[END_REF]. This classification assumes that the conformational rigidity, or "hardness", of a protein drives the adsorption phenomena. More than 25 years after, it is used with the aim to provide a roughly prediction of the adsorption process and the conformational modification of proteins.

The "hard" proteins have high structural stability (Figure 2). Their adsorptions are mainly driven by the electrostatic interactions. They are sensitive to both the sorbent and the protein hydration. The hard protein adsorption occurs on hydrophilic surfaces only when electrostatic interactions are favorable. In this case, the process is driven by the electrostatic attraction ∆ < 0. The ∆ due to the charge redistribution induces by the adsorption can play an additional role. On the contrary under electrostatic repulsion, the ∆ contribution has to overcome the ∆ 0. This explains that hard protein adsorption on a surface with similar charge is usually not favorable. "hard" proteins absorb on hydrophobic surfaces when ∆ can be positive or negative but anyway small, and thus the driving force will be the enthalpy ∆ 0.

On the contrary than hard proteins, "soft" proteins have low structural stability (Figure 2). Their adsorption process involve additional driving forces, related to their structural modification. [START_REF] Norde | The behavior of proteins at interfaces, with special attention to the role of the structure stability of the protein molecule[END_REF] Compared to the "hard" protein, the thermodynamic prediction of the main process driving the adsorption is not easy because both ∆ and ∆ components have to be added [START_REF] Lyklema | Interfacial behaviour of biomacromolecules[END_REF]. The protein unfolding increases entropy ( ∆ 0) and allows the protein internal regions to form additional contacts with the material sites optimizing the interaction with the surface. This explains that soft proteins can be adsorbed on both hydrophobic and hydrophilic surfaces, whatever the electrostatic interaction (attraction or repulsion) in contrast with the hard protein behavior. For a clay mineral, the location for the adsorption is also affected by the protein hardness. The 'soft' proteins occupy the interlayer space and external surface area, while for the hard one the adsorption occurs primarily on the external surface area [START_REF] Rangel-Porras | Changes in the characteristics of acid-treated clay after the inclusion of proteins[END_REF]. Whatever the protein, it adopts a preferential conformation which aims to minimize its energy with the solid interface. The "hard" protein keeps roughly its structure. Thus, it makes a sense to speak about orientation "side-on" or "end-on". The preferential orientation is driven by the charge distribution and the dipole moment on the protein surface in the case of electrostatic interaction [START_REF] Hristova | Adsorption of cytochrome c on montmorillonite nanoplates: Protein concentration dependence[END_REF]. As exemple the lysozyme can adopt different orientation on anionic clay and cationic layered double hydroxide [START_REF] Balme | Structure, orientation and stability of lysozyme confined in layered materials[END_REF]. After adsorption the protein can move on the solid surface. For hard protein, it is possible a reorientation end-on to side-on, characterized by overshooting adsorption kinetics [START_REF] Wertz | Adsorption and reorientation kinetics of lysozyme on hydrophobic surfaces[END_REF][START_REF] Daly | Coverage-dependent orientation of lysozyme adsorbed on silica[END_REF]. Another difference is that at pH higher than IEP, the decrease in the adsorption is sharper for hard proteins than for soft proteins, because they are less prone to the unfolding. Thus the compensation of the electrostatic repulsive effect is not counterbalanced by the optimization of hydrophobic interaction with the material as occurs for the soft protein [START_REF] Tran | A study the interaction forces between the bovine serum albumin protein and montmorillonite surface[END_REF].

The assignment in the categories "hard" and "soft" was empirically stated several years ago from the ability to a protein be adsorbed on hydrophobic surface. Presently, there is no method to predict the behavior of the protein adsorption. Actually, less than 25 proteins were clearly assigned to one category. The majority of proteins are excluded from this classification due to their complexity, such as the fibrinogen [START_REF] Brandes | Adsorption-induced conformational changes of proteins onto ceramic particles: Differential scanning calorimetry and FTIR analysis[END_REF], or never been clearly assigned to a category, such as glucose oxidase or lipase which are extensively used with numerous material for supported catalyst. The lack of predictive model implies that the immobilization of a protein to generate an hybrid material is only empirically considered as a succession of experimental go/no-go [START_REF] Hudson | Proteins in mesoporous silicates[END_REF][START_REF] Hudson | Methodology for the immobilization of enzymes onto mesoporous materials[END_REF]. Thus, a method to wisely choose a protein according to the expected material properties would be useful.

The concept of "hard" and "soft" protein is related to their ability to modified their structure on a surface, and thus from a thermodynamic point of view, to the Gibbs energy of the protein (ΔG°unf) unfolding, dependent on its intra-chain interactions. From those, the protein adopts a secondary structure where the folding energy will be mainly subject to the α-helix and β-sheet content. Note that, ΔG°unf also involves many external parameters such as pH, ionic straight, or the kosmotropic or chaotropic character of ions. Typically, the ΔG°unf is larger for hard proteins (60 kJ mol -1 for lysozyme) than for soft proteins (21 kJ mol -1 for α-lactalbumin) [START_REF] Koo | Pressure-induced protein adsorption at aqueous-solid interfaces[END_REF].

From a structural point of view, α-helix are more compressive than β-sheet and thus their unfolding requires less energy explaining why for soft proteins the ratio α-helix/β-sheet is higher than for "hard" proteins. Based on that, one question is: how to assign a priori one protein to the soft or the hard category? A partial response can be found in the protein structure classification CATH. Proposed in 1997 by Oregon et al. [START_REF] Orengo | CATH -a hierarchic classification of protein domain structures[END_REF], it is based on a structural hierarchy where the two first levels (C: Class and A: Architecture) are related to the secondary structure and especially the α-helix, the β-sheet and their tridimensional arrangements. On the table 1, we have reported many proteins commonly investigated in interaction with material. It is particularly interesting to note that all soft proteins belong to the mainly-α class. The hard proteins are shared between two class mainly-β and α/β-mix with a layer sandwich architecture. 

Correlation between the protein classification and its structural modification at liquid-solid interface

Combining the CATH classification with the concept of "hard" and "soft" proteins seems convenient to predict potential structural modification after their adsorption (Figure 3). This is particularly true in the case of a biocatalyst where the integrity of protein structure has to be maintained. In this case, a hard protein will be more suitable because the adsorption induces less structural alterations than for the soft proteins. However, reality is more complicated and consequently also the external factors which influence the protein folding. The integrity of the protein structure is provided by a subtle entropy-enthalpy balance. There are proteins that have "hard" behavior under condition of adsorption and a "soft" one on other conditions. This is the case when the conditions favor the liberation of hydrophobic groups. 

Mainly-α proteins :

The Albumin is known as soft protein. Its abundance in blood has made it probably the most studied protein. For the bovin serum albumin, it was reported that whatever the pH, the adsorption induces a decrease in the α-helix ratio. At pH close to IEP, external and internal αhelix domains are unfolded in order to provide a maximum of hydrophobic interaction with the material. The maximum of the BSA interfacial concentration is due to the cooperation of the unfolding and the reduction of surface coverage which occurs at pH above the IEP [START_REF] Staunton | Adsorption and Conformation of Bovine Serum-Albumin On Montmorillonite -Modification of the Balance Between Hydrophobic and Electrostatic Interactions By Protein Methylation and Ph Variation[END_REF]. At pH lower than IEP (2.9) the behavior of the absorbed BSA follows the same trend and the protein is mainly unfolded. At pH greater the IEP (6.7), the BSA negative charge leads to a less favorable adsorption. Despite this electrostatic repulsion, the adsorption occurs due the unfolding of the α-helix peripheral domains [START_REF] Servagent-Noinville | Conformational Changes of Bovine Serum Albumin Induced by Adsorption on Different Clay Surfaces: FTIR Analysis[END_REF]. In this case the protein unfolding is only partial. There are examples where the use of the CATH classification can support the experimental results from isothermal titration calorimetry that provides information about the conformational change induced by adsorption process. The enthalpies of BSA and β-lactoglobulin (mainly-β) adsorption on Buthyl-sephadose 4FF column, respectively 215 kJ/mol and 77.9 kJ/mol, are directly connected to the large structural modification of the BSA due to its large α-helix structure [START_REF] Ueberbacher | Hydrophobic interaction chromatography of proteins: Thermodynamic analysis of conformational changes[END_REF]. On the hydrophobic surface the albumin loss α-helix while the percentage of β-sheet increases. [START_REF] Sivaraman | The Adherence of platelets to adsorbed albumin by receptor-mediated recognition of binding sites exposed by adsorption-induced unfolding[END_REF] The Fibrinogen is another protein essentially composed by α-helix. With the Albumin and Immunoglobulin G, it is one of the most preponderant protein in blood and thus understand it behavior remain a huge medical interest [START_REF] Charbgoo | Gold nanoparticle should understand protein corona for being a clinical nanomaterial[END_REF]. As previously mentioned the fibrinogen is a key factor of thrombogenicity because, its adsorption limits the platelet adhesion. On the alkanethiol self-assembled monolayer (SAMS) functionalized with different moieties, the fibrinogen adsorption is enhanced on hydrophobic surface inducing large α-helix loss [START_REF] Sivaraman | The relationship between platelet adhesion on surfaces and the structure versus the amount of adsorbed fibrinogen[END_REF]. Fibrinogen and BSA has several common points. On mesoporous silica material, the secondary structure of human serum albumin and human fibrinogen are modified. The α-helix and βsheet ratio decreases in benefit to the random one, conversely to the immunoglobulin G (mainly-β) whose keeps it secondary structure [START_REF] Ma | Impact of shape and pore size of mesoporous silica nanoparticles on serum protein adsorption and RBCS hemolysis[END_REF]. After adsorption on different surface, for the BSA and fibrinogen the ratio α-helix/β-sheet is dependent on the end-on, side-on orientation [START_REF] Hasan | Conformational and Organizational Insights into Serum Proteins during Competitive Adsorption on Self-Assembled Monolayers[END_REF]. As soft proteins BSA and fibrinogen are more prone to adsorbed on hydrophobic because the adhesion force are significantly higher on poor wettable surface than highly wettable. This is due to their ability due unfolding to optimize their interaction with the surface. Conversely the coagulation factor XII (mainly-β) the structural difference is not significant [START_REF] Xu | Effects of surface wettability and contact time on protein adhesion to biomaterial surfaces[END_REF]. Even if albumin and fibrinogen show very similar behavior, it exist some difference. On nanoparticle, the secondary structure of albumin becomes less organized (increase of random coil/loop ratio) with the increase of particle size conversely to the fibrinogen. However, for both proteins the trends are more pronounced in the case of hydrophobic material that hydrophilic one [START_REF] Roach | Surface tailoring for controlled protein adsorption: Effect of topography at the nanometer scale and chemistry[END_REF]. The albumin has much higher affinity with hydrophobic surface due to its low degree of ordered structure. Conversely, the fibrinogen adsorbs quickly on hydrophobic and hydrophilic surface as well [START_REF] Roach | Interpretation of protein adsorption: Surface-induced conformational changes[END_REF]. The globin is a family of mainly-α protein, the myoglobin has a ratio α-helix/β-sheet of 86/1 [START_REF] Unneberg | SOMCD: method for evaluating protein secondary structure from UV circular dichroism spectra[END_REF]. The Horse methemoglobin and MnmE unfold on hydrophobic surface of bioglass. The proteins expose their hydrophobic part inducing a decrease of α-helix to less order structures such as loops and random coils. [START_REF] Gruian | FTIR and XPS studies of protein adsorption onto functionalized bioactive glass[END_REF] This was also reported for the myoglobin from equine hearts on different hydrophilic SBA-15. [START_REF] Sang | Effects of surface curvature and surface chemistry on the structure and activity of proteins adsorbed in nanopores[END_REF] On the same material functionalized with alkyl, the structural modification are more pronounce since the αhelix ratio decrease from 77% until 20% and the β-sheet increase from 5% to 27%. Mainly-β protein : Proteins mainly composed by β-sheet are supposed to have a high internal energy and thus a hard behavior. The immunoglobulin G loaded on the mesoporous silica does not show modification of the secondary structure [START_REF] Ma | Impact of shape and pore size of mesoporous silica nanoparticles on serum protein adsorption and RBCS hemolysis[END_REF]. However, another study on silica surface functionalized with different chemical function reports a systematic decrease of the β-sheet content [START_REF] Hasan | Conformational and Organizational Insights into Serum Proteins during Competitive Adsorption on Self-Assembled Monolayers[END_REF]. The concanavalin A loses its ability of bind specifically oligosaccharide on a very hydrophobic surface (graphen), This was interpreted as due to the protein denaturation but without experimental support [START_REF] Alava | Control of the graphene-protein interface is required to preserve adsorbed protein function[END_REF]. Conversely, the concanavalin A is often used on hydrophilic silica or Au surface to performed quartz crystal microbalance (QCM) experiment without activity loss. The β-lactoglobulin is usually under dimer form, that is very stable. The applied pressure modifies the conformation in a "swollen state" that presents less repulsive moieties contributing to modify its adsorption properties [START_REF] Kurpiewska | Investigation of high pressure effect on the structure and adsorption of β-lactoglobulin[END_REF]. With the combination of fluorescence spectroscopy and NMR, Assifaoui et al shown that β-lactogolubulin losses β-sheet when it is loaded on clay minerals [START_REF] Assifaoui | Structural Studies of Adsorbed Protein (Betalactoglobulin) on Natural Clay (Montmorillonite)[END_REF]. The most surprising result is the evidence of protein structure dependence with the interfacial concentration.Many enzymes were successfully loaded on materials. Numerous of them have mainly-β. The α-chemotrypsin is known to be a hard protein with a ratio α-helix/β-sheet 12/34 [START_REF] Simon | Structure and activity of alpha-chymotrypsin and trypsin in aqueous organic media[END_REF]. Thus no structural modification occurs after adsorption on Au-NP. At pH below or close to IEP, the adsorption of α-chemotryptin does not induce a strong modification of the secondary structure. At pH above IEP the electrostatic repulsion let think that the adsorption process is not possible. However, it occurs entailing a weak peripheral structural modification of the protein to optimize the interaction with the material. This partial unfolding combined with the internal hydration in the vicinity of the catalytic center are at the origin of the loss of enzymatic activity, reported at pH 10 [START_REF] Baron | Chymotrypsin Adsorption on Montmorillonite: Enzymatic Activity and Kinetic FTIR Structural Analysis[END_REF]. After adsorption on many kind of clay minerals, the optimal pH activity of enzymes such as catalase [START_REF] Calamai | Interaction of catalase with montmorillonite homoionic to cations with different hydrophobicity: Effect on enzymatic activity and microbial utilization[END_REF] or urease [START_REF] Jm | Sepiol ite-su pported[END_REF], significantly shifts of more than one unit. There are several interpretations to explain the optimal pH shift. One assumption is the value of interfacial pH due to presence of protons in the diffusive double layer which compensates the negative charge of the clay. The second assumption is an enzyme structural modification which is more relevant [START_REF] Leprince | Extracellular enzyme activity in soil: effect of pH and ionic strength on the interaction with montmorillonite of two acid phosphatases secreted by the ectomycorrhizal fungus Hebeloma cylindrosporum[END_REF]. One interest of the enzyme adsorption on material is that its activity is often less sensitive than free in solution to the temperature as reported for acid phosphatase [START_REF] Rao | Interaction of acid phosphatase with clays, organic molecules and organo-mineral complexes: Kinetics and stability[END_REF] or catalase [START_REF] Cengiz | Bentonite and sepiolite as supporting media: Immobilization of catalase[END_REF]. The adsorption allows also the enzyme reuse as shown for the laccase [START_REF] Hu | Comparative study of immobilized Trametes versicolor laccase on nanoparticles and kaolinite[END_REF]. This was explained by the optimization of the protein interactions with the material which stabilize its conformational structure, and consequently, its unfolding requires more energy.

Mix α-β protein :

As shown previously, the majority of enzymes reported as active after adsorption on a material belong to the mainly-β, but also αβ mix. The most studied "hard" protein is the lysozyme that has a ratio 40/19 [START_REF] Gorga | Comparison of the secondary structures of human class I and class II major histocompatibility complex antigens by Fourier transform infrared and circular dichroism spectroscopy[END_REF]. As a very hard protein, it is expected that the adsorption process does not strongly reduces the α-helix content, that is usually reported when the interfacial concentration reaches the maximum coverage [START_REF] Kumar | Proteins immobilized at the galleries of layered α-zirconium phosphate: Structure and activity studies[END_REF]. But at low surface coverage, unexpected structural modifications can occur [START_REF] Norde | Structure of adsorbed and desorbed proteins[END_REF]. Structural rearrangement at low ionic strength was reported and assigned to the reduction in the enthalpy transition [START_REF] Larsericsdotter | Thermodynamic Analysis of Proteins Adsorbed on Silica Particles: Electrostatic Effects[END_REF]. The switching from hard to soft behavior was also demonstrated in the case of lysozyme under pressure [START_REF] Koo | Pressure-induced protein adsorption at aqueous-solid interfaces[END_REF]. Thus, the notion of "very hard protein" for lysozyme should be, in someway, modified [START_REF] Brandes | Adsorption-induced conformational changes of proteins onto ceramic particles: Differential scanning calorimetry and FTIR analysis[END_REF]. As a hard protein, we could expect that lysozyme keeps its native state when the enzymatic activity is maintained. Actually, the reality is more complex since the protein structure cannot be sum-up to a native structure which is active and a denurated state which is not active. Some structural modification can occur without activity loss. A perfect illustration is the lysozyme that after fibrillation, as an amyloid, keeps partially its antibacterial activity. In most of the cases, the enzyme activity decreases after adsorption [START_REF] Vettori | Adsorption and binding of AmpliTaq?? DNA polymerase on the clay minerals, montmorillonite and kaolinite[END_REF][START_REF] Rao | Interaction of acid phosphatase with clays, organic molecules and organo-mineral complexes: Kinetics and stability[END_REF] that can be explain weak structural modifications leading to a partial loss of activity, as reported for the antibacterial activity of lysozyme [START_REF] Bouaziz | Structure and antibacterial activity relationships of native and amyloid fibril lysozyme loaded on layered double hydroxide[END_REF]. Indeed, the adsorption does not induce a large structural modification [START_REF] Gagner | Effect of gold nanoparticle morphology on adsorbed protein structure and function[END_REF]. Actually, the reality may probably be more complex and the question is still open to understand this partial loss of activity. Indeed two assumptions can be formulated. The first one consists in a homogenous weak structural modification of all the adsorbed protein, which induces a partial loss of activity. In the second one, considering two populations of protein, (i) one keeps its native structure and thus its activity and (ii) the other one is partially unfolded and loses totally its activity. By now, this question is not solved for any protein. Even for the lysozyme, several study report large structural modification after adsorption. As an example, the adsorption on SiO2 nanoparticle causes a decrease of α-helicility leading to a partial loss of activity. However, this study opens new questions. For instance, it was reported that for NP with diameter of 100 nm, the structural loss is more important than for smaller NP (4 nm and 20 nm) [START_REF] Vertegel | Silica nanoparticle size influences the structure and enzymatic activity of adsorbed lysozyme[END_REF]. On magnetic nanocluster, structural modification of lysozyme was also reported without any quantification. [START_REF] Yang | Conformational changes of adsorbed and free proteins on magnetic nanoclusters[END_REF] As for the lysozyme, the subtilisin Carlsberg (ratio α-helix/β-sheet 30/17 [START_REF] Janes | Bioinformatics analyses of circular dichroism protein reference databases[END_REF]) on silica nanoparticle has no significant structural modification. [START_REF] Wang | Soft interactions at nanoparticles alter protein function and conformation in a size dependent manner[END_REF] The protein included in the mix α-β class are often complex, making them more difficult to assign on the "hard" of "soft" behavior. The lipase has an enzyme active at the aqueous/organic interface. It has a complex structure allowing large structural modification. Its adsorption on hydrophobic octylagarose stabilizes the open structure [START_REF] Manoel | Immobilization of lipases on hydrophobic supports involves the open form of the enzyme[END_REF]. On hydrophilic surface can result in a significant deformation of the protein structure [START_REF] Hoarau | Immobilized enzymes: Understanding enzyme-surface interactions at the molecular level[END_REF]. As for many enzymes, the optimal pH activity of lipase is shifted [START_REF] Yeşiloǧlu | Utilization of bentonite as a support material for immobilization of Candida rugosa lipase[END_REF]. In addition the enzymatic activity decreases for a pH higher and lower that the IEP. Usually this phenomena is reversible but not always as shown in the case of β-D-glucosidase on montmorillonite [START_REF] Quiquampoix | A stepwise approach to the understanding of extracellular enzyme activity in soil. I. Effect of electrostatic interactions on the conformation of a beta-D-glucosidase adsorbed on different mineral surfaces[END_REF]. The adsorption of lipase clay mineral makes its activity less sensitive to the temperature [START_REF] Yeşiloǧlu | Utilization of bentonite as a support material for immobilization of Candida rugosa lipase[END_REF]. The glucose dehydrogenase shows a partial unfolding of the side-chains interacting with hydrophobic surfaces [START_REF] Thudi | Adsorption induced enzyme denaturation: The role of protein surface in adsorption induced protein denaturation on allyl glycidyl ether (AGE)-ethylene glycol dimethacrylate (EGDM) copolymers[END_REF], requiring a linker to overcome this problem [131,[START_REF] González-Fernández | Effect of spacer length on the performance of peptide-based electrochemical biosensors for protease detection[END_REF].

The formaldehyde deshydrogenase loaded on mesoporous zirconia shows an increase of the β-sheet content, but the enzymatic activity is improved [START_REF] Masuda | Improvement of thermal-stability of enzyme immobilized onto mesoporous zirconia[END_REF]. The adsorption of protein G1 on latex particle induces a decrease of α-helix content [START_REF] Pan | How do proteins unfold upon adsorption on nanoparticle surfaces?[END_REF].

For the enzymes, many studies try to connect the modification of activity with the structural modification, but the location and orientation are also the key factors. The adsorption of alkaline phosphatase (IEP 5.7) at pH 7 on homoionic-exchanged saponite reveals a larger interfacial concentration interfacial concentration for Ca 2+ than Na + , while, the enzymatic activity is better for Na-Sap [START_REF] Carrasco | Immobilization of Alkaline-Phosphatase By Sorption on Na-Sepiolite[END_REF]. This behavior was interpreted by the structural effect of cation on clay structures. However, a similar experiment performed on horseradish peroxidase shows that the amount of adsorbed protein is 3 times higher on Na-Montmorillonite than on Ca-Montmorillonite due to a partial interaction interlayer space. This intercalation dramatically inhibits the enzymatic activity due to inaccessibility of the substrate [START_REF] Lozzi | Interaction of horseradish peroxidase with montmorillonite homoionic to Na 1 and Ca 2 1 : effects on enzymatic activity and microbial degradation[END_REF].

To sum up, the literature of the mainly-α protein has clearly a soft protein behavior. The "hard" proteins are mainly-β and mix α-β. We can notice that structural modifications happen even for "hard" proteins, such as lysozyme, but also for more complex proteins, such as lipase, or other enzymes, without a total loss of the enzymatic activity. However, this interesting correlation between the protein structures that can easily found with the CATH database and their unfolding behavior at solid/liquid interface could improve the "hard/soft" classification, and thus could allow a a-priori choice of the suitable protein.

Protein adsorption on nanoparticle: point of view of corona formation

Due to the quick growth of nanoscience during the past decade, the interaction of proteins with nanoparticles (NPs) has attracted great attention due to the numerous potential applications. Indeed, nanoparticles and nanomaterials are widely used in consumer products, such as cosmetics, food, electronics, inks and paints. Their application is not only limited to these fields, as they are increasingly considered for biomedical applications, such as imaging, drug delivery or diagnosis. The particularity of nanoparticle comes from their size that can be in the same order than the protein.

Thus, the general concept based on the protein energy to predict their conformational changes has to be confronted with the literature on NP. Among the NP, the gold ones (Au-NP) are an interesting model because of the oscillation of their conduction electrons upon interaction with light (surface plasmon resonance), can be easily detected in the visible and near infrared spectral region [START_REF] Tcherniak | Probing a century old prediction one plasmonic particle at a time[END_REF][START_REF] Chang | Radiative and nonradiative properties of single plasmonic nanoparticles and their assemblies[END_REF]. Moreover, low level of toxicity were found for gold nanoparticles around 20 nm [START_REF] Connor | Gold Nanoparticles Are Taken Up by Human Cells but Do Not Cause Acute Cytotoxicity[END_REF].

From a protein point of view, globular proteins are relatively stable colloids, because of the risks related to protein aggregation, even though they oscillate in a wide range of different conformations [START_REF] Nienhaus | Exploring the conformational energy landscape of proteins[END_REF]. The interaction with the nanoparticle surface can induce a change in the protein conformation, with a consequent unfolding [START_REF] Kittler | The influence of proteins on the dispersability and cell-biological activity of silver nanoparticles[END_REF]. The unfolded protein exposes the hydrophobic moieties of the polypeptide chain to the nanoparticle surface [START_REF] Wang | The protein corona on nanoparticles as viewed from a nanoparticle-sizing perspective[END_REF]. Among the unwanted biological side effects [START_REF] Monopoli | Nanobiotechnology: Nanoparticle coronas take shape[END_REF], one of the most relevant is the loss of biological activity due to the conformational changes [START_REF] Vertegel | Silica nanoparticle size influences the structure and enzymatic activity of adsorbed lysozyme[END_REF][START_REF] Deng | Nanoparticle-induced unfolding of fibrinogen promotes Mac-1 receptor activation and inflammation[END_REF]. The unfolding of proteins upon contact with nanoparticles can stabilize the NPs, which easily aggregate in ionic media [START_REF] Jiang | Characterization of size, surface charge, and agglomeration state of nanoparticle dispersions for toxicological studies[END_REF][START_REF] Gebauer | Influence of individual ionic components on the agglomeration kinetics of silver nanoparticles[END_REF]. Nanoparticles are usually stabilized by electrostatic or steric repulsion, so that a repulsive barrier screen the particle preventing aggregation [START_REF] Segets | Experimental and theoretical studies of the colloidal stability of nanoparticles?a general interpretation based on stability maps[END_REF][START_REF] Kohut | An effective way to stabilize colloidal particles dispersed in polar and nonpolar media[END_REF].

The proteins absorbed by the nanoparticle surface, forming the corona, can stabilize the suspension even in the presence of physiological electrolyte concentration [START_REF] Gebauer | Impact of the nanoparticle-protein corona on colloidal stability and protein structure[END_REF]. This colloidal stability is often attributed to steric stabilization [START_REF] Kittler | The influence of proteins on the dispersability and cell-biological activity of silver nanoparticles[END_REF]. This was illustrated with Au-Np were the salt addition generate the aggregation for the one coated with the lysozyme conversely to the BSA [START_REF] Lepoitevin | Gold nanoparticles for the bareeye based and spectrophotometric detection of proteins, polynucleotides and DNA[END_REF]. This could a direct consequence of the optimization of surface coverage by the BSA due to its low internal energy. This is supported by a recent study where the author shown that the salt addition AuNP loaded with BSA bind with resveratrol induce their aggregation due to the desorption of protein [START_REF] Coglitore | Unexpected Hard Protein Behavior of BSA on Gold Nanoparticle Caused by Resveratrol[END_REF]. Isothermal titration calorimetry [START_REF] Lindman | Systematic investigation of the thermodynamics of HSA adsorption to N-iso-propylacrylamide/N-tert-butylacrylamide copolymer nanoparticles. Effects of particle size and hydrophobicity[END_REF][START_REF] Chakraborty | Contrasting effect of gold nanoparticles and nanorods with different surface modifications on the structure and activity of bovine serum albumin[END_REF], surface plasmon resonance [START_REF] Bousquet | Molecular mechanisms of the adsorption of a model protein (human serum albumin) on poly(methylidene malonate 2.1.2) nanoparticles[END_REF], quartz crystal microbalance [START_REF] Brewer | Probing BSA binding to citratecoated gold nanoparticles and surfaces[END_REF] and differential centrifugal sedimentation [START_REF] Walczyk | What the cell "sees" in bionanoscience Supporting Info[END_REF] are typical experimental techniques employed to highlight the affinities between proteins and nanoparticles. Fluorescence correlation spectroscopy (FCS) has been used to determine the binding constant of protein to NPs [START_REF] Röcker | A quantitative fluorescence study of protein monolayer formation on colloidal nanoparticles[END_REF][START_REF] Maffre | Characterization of protein adsorption onto fept nanoparticles using dual-focus fluorescence correlation spectroscopy[END_REF][START_REF] Shao | Studies on interaction of CdTe quantum dots with bovine serum albumin using fluorescence correlation spectroscopy[END_REF][START_REF] Jiang | Quantitative analysis of the protein corona on FePt nanoparticles formed by transferrin binding[END_REF]. Langmuir absorption isotherms have been employed in many experimental works to measure the equilibrium binding constants of the adsorption process. However, the use of equilibrium concepts, such as adsorption isotherms, may not be suitable in the protein-nanoparticle interaction. The increasing evidence of the irreversibility of the protein adsorption on microscopic time-scales [START_REF] Deng | Differential plasma protein binding to metal oxide nanoparticles[END_REF][START_REF] Fertsch-Gapp | Binding of polystyrene and carbon black nanoparticles to blood serum proteins[END_REF][START_REF] Lacerda | Interaction of Gold Nanoparticles with Common Human Blood Proteins[END_REF] seems to confirm the previous sentence.

Correlation between the protein classification and its structural modification at nanoparticle surface

Previously, we shown that the CATH classification allow to assign a "hard" of "soft" behavior to the proteins at liquid/solid interface. We discuss now if the same approach can be used in the case of the solid is a nanoparticle with a size comparable to the protein.

Mainly-α protein : Ideal candidates for the understanding of the protein-nanoparticle interaction is BSA even if the human serum albumin (HAS) is the most interesting in the point of view of medical application. BSA sharing almost its whole amino acid sequence with its human equivalent [START_REF] He | Atomic structure and chemistry of human serum albumin[END_REF], has been widely employed for the studies on protein-nanoparticle interaction and often used for the stability of gold nanoparticles suspensions [163]. Gold nanoparticles are usually stabilized by citrate, since they are typically synthetized through a citric acid reduction reaction [START_REF] Turkevich | The formation of colloidal gold[END_REF]. The citrate layer gives a negative surface charge to the gold nanoparticles, which results in mutual repulsion of the colloids and a consequent electrostatic stabilization. But this stability fails when citrate-stabilized gold nanoparticles are dispersed in a saline solution, precipitating and aggregating at NaCl concentrations below representative values of blood plasma or other biofluids [START_REF] Dominguez-Medina | Adsorption and Unfolding of a Single Protein Triggers Nanoparticle Aggregation[END_REF]. The mechanisms governing the interaction between bovine serum albumin and gold nanoparticle can involve two possibilities. The first is based on electrostatic interactions between the positive lysine groups of the protein and the citrate layer. The second one takes into account the bovine serum albumin that, unfolding, exposes its hydrophobic residues to the gold surface, letting them interacting with the nanoparticle and, consequently, causing the displacement of the citrate from the gold surface. The latter contribution provides colloidal stability much more than the electrostatic part [START_REF] Brewer | Probing BSA binding to citratecoated gold nanoparticles and surfaces[END_REF]. On the (Au-NP) the albumin loss α-helix while the percentage of β-sheet increases [START_REF] Tsai | Adsorption and conformation of serum albumin protein on gold nanoparticles investigated using dimensional measurements and in situ spectroscopic methods[END_REF]. This was also reported on silver nanoparticle (Ag-NP) [START_REF] Gebauer | Impact of the nanoparticle-protein corona on colloidal stability and protein structure[END_REF]. Structural modification was also reported on Fenanoculster [START_REF] Yang | Conformational changes of adsorbed and free proteins on magnetic nanoclusters[END_REF]. Nevertheless, opposite results were reported on Au-NP (diameter about 10 nm) with a different surface functionalization [START_REF] Huang | Effects of surface compositional and structural heterogeneity on nanoparticle-protein interactions: Different protein configurations[END_REF]. The interaction HSA/NP was also extensively studied.

It was reported that the structural modification occurs after adsorption on AU-NP with size from 5 to 100 nm using circular dichroism [START_REF] Lacerda | Interaction of Gold Nanoparticles with Common Human Blood Proteins[END_REF] and fluorescence [START_REF] Bhirde | Role of albumin in the formation and stabilization of nanoparticle aggregates in serum studied by continuous photon correlation spectroscopy and multiscale computer simulations[END_REF]. The decrease of ellipticity values was interpreted by a limited and localized conformational change. This was also reported for the fibrinogen and insulin. The hemoglobulin on hydroxylated multi-wall carbon nanotubes loss its αhelix content from 100% to 77% [START_REF] Xu | Interaction of nano-TiO2 with lysozyme: Insights into the enzyme toxicity of nanosized particles[END_REF]. This conformational change was reported to be more pronounce with the increase of the gold-NP size in a range between 5 and 100 nm [START_REF] Goy-López | Physicochemical Characteristics of Protein-NP Bioconjugates: The Role of Particle Curvature and Solution Conditions on Human Serum Albumin Conformation and Fibrillogenesis Inhibition[END_REF]. On ZnO nanoparticle the α-lactalbumin exhibit a change about 7 % of α-helix content [START_REF] Chakraborti | The effect of the binding of zno nanoparticle on the structure and stability of α-lactalbumin: A comparative study[END_REF]. However, there are few cases when the NPs-protein interaction did not necessarily induce the conformational change of protein, as for hemoglobin absorbed onto Fe2O3 nanoparticles, where the binding process was found to be an enthalpy-driven and exothermic process [START_REF] Zolghadri | Iranian Chemical Society A Spectroscopic Study on the Interaction between Ferric Oxide Nanoparticles and[END_REF]. Conversely on Diamond nanoparticle a decrease of content of α-helix and an increase of β-sheet and random coil is observed.

As for many other examples more the mass ratio protein/NP is low as the structure is strongly affected [START_REF] Pishkar | Studies on the interaction between nanodiamond and human hemoglobin by surface tension measurement and spectroscopy methods[END_REF]. The α-synuclein is a small protein composed by one α-helix. Its adsorption on silica nanoparticle transforms the less ordered structure to β-sheet [START_REF] Vitali | Conformational properties of intrinsically disordered proteins bound to the surface of silica nanoparticles[END_REF]. This structural modification mediates the formation of aggregation and thus could influence the amyloidogenesis.

Mainly-β protein. On au NP 7 nm, the chymotrypsin, a hard protein, lost its secondary structure while the cytochrome C maintains its native one making the chymotrypsin more sensitive to proteolyse [START_REF] Worrall | Cleaning" of nanoparticle inhibitors via proteolysis of adsorbed proteins[END_REF]. On CuO nanoparticle with a diameter 5 nm, a decrease of α-helix of β-galactosidase was reported. However, the basic structure of the protein is kept intact after adsorption [START_REF] Rabbani | Colloids and Surfaces B : Biointerfaces Effect of copper oxide nanoparticles on the conformation and activity of ␤ -galactosidase[END_REF]. The αchymotrypsin adsorbed on Au-NP smaller than 10 nm protected with mercaptoundecanoic acid loss its native structure since the ordered structure shift toward random coil content [START_REF] Fischer | Inhibition of chymotrypsin through surface binding using nanoparticle-based receptors[END_REF]. The ovalbumin has a modified structure when adsorbed on silver nanoparticle (AgNP) with a diameter 5-30 nm [START_REF] Joshi | Laser-induced synthesis of silver nanoparticles and their conjugation with protein[END_REF]. The β-lactoglobulin on silica nanoparticle (10 nm) reveals an unfolded conformation. The latter is more pronounced at low surface concentration of protein [START_REF] Wu | Characterization of secondary and tertiary conformational changes of βlactoglobulin adsorbed on silica nanoparticle surfaces[END_REF]. The urease adsorbed on AgNPs with diameter range 10-15 nm has significant structural changes at 1:1 (v/v) ratio becoming drastic for lower ratio protein/NP [START_REF] Ponnuvel | Conformational Change Results in Loss of Enzymatic Activity of Jack Bean Urease on Its Interaction with Silver Nanoparticle[END_REF]. Typically, free in solution the urease is composed by 45 % of α-helix and 10 % of β-sheet. This content reaches 4 % of α-helix and 44 % of β-sheet for a ratio urease AgNP 1:4. This explains the loss of enzymatic activity.

Mix α-β protein.

Lysozyme absorbed onto silica and gold nanoparticles, respectively, have shown a rapid change of the secondary and tertiary structures, with a loss of the α-helical content and a relevant increase of the β-sheets [START_REF] Cref | Protein-Nanoparticle Interactions[END_REF]. This was also reported in TiO2 nanoparticle [START_REF] Xu | Interaction of nano-TiO2 with lysozyme: Insights into the enzyme toxicity of nanosized particles[END_REF]. On negatively charged Silica nanoparticle at pH 7 a decrease of α-helical content was reported [START_REF] Lee | Concentration effects on adsorption of bacteriophage T4 lysozyme stability variants to silica[END_REF].

Conversely on ZnO nanoparticle 4-7 nm an increase of α-helical content bout 4% was reported [START_REF] Chakraborti | Structure and activity of lysozyme on binding to ZnO nanoparticles[END_REF].

The transferrin on hydroxylated multi-wall carbon nanotubes loss its α-helix content from about 50 % [START_REF] Xu | Interaction of nano-TiO2 with lysozyme: Insights into the enzyme toxicity of nanosized particles[END_REF]. The lysozyme adsorbed on polystyrene nanoparticle was reported as strongly dependent on the surface charge. A modification of secondary structure was observed for polystyrene (PS) and PS-COOH while no structural change was reported on PS-NH2. The authors have concluded that the opposite charge undergoes the structural change. However another parameter could be taken into account since the diameter of PS and PS-COOH are 23 and 24 nm respectively and PS-NH2 57 nm [START_REF] Cukalevski | Structural changes in apolipoproteins bound to nanoparticles[END_REF]. The adsorption on silica nanoparticle (4-15 nm) does not lead to a significant reduction of the α-helicity of ribonuclease A, indicating that the protein secondary structure does not strongly change after the binding with the nanoparticle [START_REF] Shang | Unfolding of ribonuclease a on silica nanoparticle surfaces[END_REF]. Such stability in the protein secondary structure can be ascribed to weak interactions such as van der Waals and hydrogen bond of NPs with proteins, which did not perturb the secondary structure of the protein.

The nanoparticle has different influence on the protein conformation compared to other material. Indeed, whatever the protein structural category, the protein is often prone to a change of its conformation in order to interact with NPs, leading to a decrease of the α-helix content and consequently an increase of β-sheet. This is mainly due to the curve radius that oblige to the protein to adopt another conformation. The enhancement of ordered structural element as β-sheet and thus fibrillation, generating amyloid-like fibril that are commonly associated with neuro-degenerative diseases [START_REF] Lynch | Protein-nanoparticle interactions[END_REF]. Conversely, other report shows that NPs prevent the amyloid aggregation [START_REF] Debnath | Poly(trehalose) Nanoparticles Prevent Amyloid Aggregation and Suppress Polyglutamine Aggregation in a Huntington's Disease Model Mouse[END_REF]. Actually this is still debated and as for all question relative to protein/material interaction, none general case can be done. However the investigation on the changes in the protein behavior due to the presence of the nanoparticle is important from a nanotoxicologic point of view [START_REF] Elsaesser | Toxicology of nanoparticles[END_REF]. The increase of β-sheet content is not a general case, in some case the adsorption can be caused by an increase of the α-helicity, as for β-lactoglobulin on Silica nanoparticle [START_REF] Wu | Characterization of secondary and tertiary conformational changes of βlactoglobulin adsorbed on silica nanoparticle surfaces[END_REF] or for lysozyme on ZnO nanoparticle [START_REF] Chakraborti | Structure and activity of lysozyme on binding to ZnO nanoparticles[END_REF], indicating that the binding of the protein with the particle can result in some hydrophobic regions becoming more compact [START_REF] Xia | Shape-controlled synthesis of gold and silver nanoparticles[END_REF]. The alteration in protein conformation by NPs depends anyway also on particle size, hydrophobicity, surface charge and interaction time.

Protein adsorption on NP under serum condition

As previously mentioned on interest of NP, especially the gold one are their using for theragnostic application. Thus, once released into the human body, their interactions with biological systems have to be deeply understood for safe and efficient applications. Generally speaking, proteins in a biological environment always cover the material upon contact [START_REF] Lynch | The nanoparticleprotein complex as a biological entity; a complex fluids and surface science challenge for the 21st century[END_REF]. The issues of protein/NP interaction are specific in biological or serum environment. Indeed, nanoparticles travelling in the blood plasma can encounter more than 3500 different proteins, with a wide range of different concentrations [START_REF] Monopoli | Physical-Chemical aspects of protein corona: Relevance to in vitro and in vivo biological impacts of nanoparticles[END_REF], leading to a competition where, initially, the most abounding proteins will be absorbed on the surface and subsequently replaced by proteins with higher affinity [START_REF] Vroman | Interaction of High Molecular Weight Kininogen, Factor XII, and Fibronogen in Plasma at Interfaces[END_REF][START_REF] Cedervall | Detailed identification of plasma proteins adsorbed on copolymer nanoparticles[END_REF].

Compared to the classical report on the protein material interaction, here the problematic more difficult because the proteins are in crowded environment, they can enter in competition [START_REF] Hasan | Conformational and Organizational Insights into Serum Proteins during Competitive Adsorption on Self-Assembled Monolayers[END_REF] and/or bind each-other and the high concentration make the multilayer formation possible.

Nanoparticles, dispersed in a biological fluid, are rapidly covered by biomolecules, such as proteins and lipids, forming a dynamic layer, the protein corona, that effectively screens the nanoparticle, changing its properties compared to the bare material [START_REF] Lynch | Protein-nanoparticle interactions[END_REF], providing a new identity to the particle, that effectively interacts with the biological system [START_REF] Monopoli | Biomolecular coronas provide the biological identity of nanosized materials[END_REF]. The protein corona changes the properties of the nanomaterial in terms of size, shape, charge and surface and governs the physiological response in terms of transport, cellular uptake or toxicity [START_REF] Cref | Protein-Nanoparticle Interactions[END_REF]. It forms the biocorrona seen by the cell [START_REF] Walczyk | What the cell "sees" in bionanoscience Supporting Info[END_REF]. It also make the nanoparticle invisible to the immune system [START_REF] Goy-López | Physicochemical Characteristics of Protein-NP Bioconjugates: The Role of Particle Curvature and Solution Conditions on Human Serum Albumin Conformation and Fibrillogenesis Inhibition[END_REF].For instance, silica NPs functionalized with transferrin lost their targeting capacities in biological fluids, probably because of the corona formation [START_REF] Salvati | Transferrinfunctionalized nanoparticles lose their targeting capabilities when a biomolecule corona adsorbs on the surface[END_REF]. The characteristics of this biolayer have to be deeply understood for their implications in the physiological mechanisms, cell internalization and nanotoxicity [START_REF] Walczyk | What the cell [ldquo]sees[rdquo] in bionanoscience[END_REF] The direct exposure of humans to nanoparticles is still a concern. Indeed nanoparticles internalized could release toxic metals inside the cell, with a mechanism known as "Trojan horse" effect, for which the nanoparticle is wrongly recognized by the cell receptors; the formation of the protein corona could alter the cell signalling process, leading to cell inflammation [START_REF] Wang | Silver nanoparticles induced RNA polymerasesilver binding and RNA transcription inhibition in erythroid progenitor cells[END_REF]. In the native conformation of a protein, a basic role is played by the hydrophobic residues, that allow a close packaging of the cores [START_REF] Word | Visualization and quantification of molecular goodness-of-fit: small probe contact dots with explicit hydrogens[END_REF], but their stability can be disrupted by the interactions with a surface [START_REF] Lynch | Protein-nanoparticle interactions[END_REF]. Proteins binding with higher affinity, directly on the nanoparticle surface, are imputed for the formation of the "hard" corona, on the top of which there is a "soft" corona, consisting of less tightly bound proteins, interacting mostly by weak protein-protein interactions [START_REF] Walkey | Understanding and controlling the interaction of nanomaterials with proteins in a physiological environment[END_REF], and showing much higher exchange rates [START_REF] Röcker | A quantitative fluorescence study of protein monolayer formation on colloidal nanoparticles[END_REF]. The corona is chemically composed of a mixture of distinct proteins. Different aspects of the corona formation have been already clarified by experimental and theoretical studies but, due to the complexity of the process, its understanding is still incomplete. The formation of the protein layer is usually very fast, but the whole process may take hours or even days due to the slow reconfiguration and exchange of proteins [START_REF] Vilanova | Understanding the Kinetics of Protein-Nanoparticle Corona Formation[END_REF]. In real applications, such as human blood, a large number of distinct proteins with different abundancies are present in the biological fluid but, due to the competition for the binding sites, the corona typically contains only some of them [START_REF] Anderson | The Human Plasma Proteome[END_REF]. For instance in blood plasma only 20 proteins were found to form a layer around silica NPs [START_REF] Monopoli | Biomolecular coronas provide the biological identity of nanosized materials[END_REF]. Generally, proteins with higher affinity initially interact with NPs forming the hard corona (Figure 4). Other proteins may secondarily interact with NPs as a consequence of the presence of the hard corona proteins, rather than the core NP surface, forming a second and less tightly bound layer, the soft corona [START_REF] Walczyk | What the cell [ldquo]sees[rdquo] in bionanoscience[END_REF]. However, the mechanism of interaction is still under debate. Indeed other studies suggested that soft and hard corona proteins can interact with NPs based on different binding affinities. Cedervall et al. reported that the proteins forming the soft and hard layer bind to NPs, respectively, for only few minutes while in the second case for several hours, where proteins with the smallest molecular weight having the highest affinity [START_REF] Cedervall | Understanding the nanoparticle-protein corona using methods to quantify exchange rates and affinities of proteins for nanoparticles[END_REF]. Because of the longer interaction time with NPs for the hard corona proteins, Walkey et al. proposed that this first layer may be more important than the soft corona proteins in defining the biological identity and response of the nanomaterials [START_REF] Walkey | Understanding and controlling the interaction of nanomaterials with proteins in a physiological environment[END_REF]. Most of the literature focuses on the hard corona, because of the challenges in snapping and characterizing the more transient and dynamic soft corona. In this sense, iron oxide NPs were incubated in fetal bovine serum to study the soft corona, resulting as composed of mostly complement proteins, such as antithrombin and alpha-antiproteinase [START_REF] Sakulkhu | Protein corona composition of superparamagnetic iron oxide nanoparticles with various physico-Chemical properties and coatings[END_REF]. In another work, iron oxide NPs was incubated in human blood or lymph serum. Here, soft corona specific molecules identified were angiotensinogen, annexins, cathepsins and collagen-based. Interestingly, complement proteins were mainly found in the hard rather than in the soft corona [START_REF] Bonvin | Methods of protein corona isolation for magnetic nanoparticles[END_REF] as in previous study on iron oxide NPs [START_REF] Sakulkhu | Protein corona composition of superparamagnetic iron oxide nanoparticles with various physico-Chemical properties and coatings[END_REF]. On the other hand components of the hard corona are more accurately identified and well established. Apolipoproteins, serum albumin, fibrinogen, and immunoglobulins are generally the most common, even looking to different nanoparticles, such as metalloid [START_REF] Voetz | Altered characteristics of silica nanoparticles in bovine and human serum: the importance of nanomaterial characterization prior to its toxicological evaluation[END_REF], liposome [START_REF] Pozzi | Effect of polyethyleneglycol (PEG) chain length on the bio-nano-interactions between PEGylated lipid nanoparticles and biological fluids: From nanostructure to uptake in cancer cells[END_REF] and polymer [START_REF] O'connell | Characterization of the bionano interface and mapping extrinsic interactions of the corona of nanomaterials[END_REF] ones. The abundance of the fibrinogen and albumin (mainly-α) lead the first layer around the NP. Their ability to unfold due their low internal energy allows to optimize their interaction with NP making the corona "harder". Typically the soft protein generates the base of "hard" corona. The hardness of corona has also an influence on the protein desorption [START_REF] Walkey | Understanding and controlling the interaction of nanomaterials with proteins in a physiological environment[END_REF]. The protein corona is not only protein dependent but also involve the nature of the material [START_REF] Monopoli | Physical-Chemical aspects of protein corona: Relevance to in vitro and in vivo biological impacts of nanoparticles[END_REF]. Another effect that has to be considered from a biological point of view is the so-called "Vroman effect" [START_REF] Vroman | Effect of Adsorbed Proteins on the Wettability of Hydrophilic and Hydrophobic Solids[END_REF]. The Vroman effect, from a protein corona perspective, describes how the proteins, that initially associate with the nanoparticle-protein corona, can be substituted over the time by a new set of proteins with higher affinities [START_REF] Zhdanov | Kinetics of the formation of a protein corona around nanoparticles[END_REF] .This exchange of proteins may occur in a short time, seconds or minutes, for the soft corona or longer, even hour, for hard corona proteins [START_REF] Casals | Hardening of the nanoparticle-protein corona in metal (Au, Ag) and oxide (Fe 3O 4, CoO, and CeO 2) nanoparticles[END_REF].

Physical and chemical properties of the NPs, such as shape, size and charge, can influence the formation of the protein corona on NPs. The effect of nanoparticle shape, using gold nanorods and nanostars, on the protein corona was studied in vivo. In this work, were initially incubated in mouse blood, and consequently proteins specific to each nanoparticle were analyzed in order to characterize the composition of the protein corona [START_REF] García-Álvarez | In vivo formation of protein corona on gold nanoparticles. the effect of their size and shape[END_REF]. β-globulin and plasminogen were found to be unique for the nanorods, while murinoglobulin-2, serine protease inhibitor A3N and apolipoprotein A-I where found only on the nanostars. However, the majority of the corona constituents were shared by the nanorods and nanostars, but different abundances demonstrated that NP shape was a critical factor in the corona composition. The impact of nanoparticle size on the protein corona was investigated using iron oxide particles with different diameters, 30, 200, and 400 nm incubated in human plasma [START_REF] Hu | Nanoparticle size matters in the formation of plasma protein coronas on Fe3O4nanoparticles[END_REF]. Only a quarter of corona proteins were shared among the three sizes, pointing out the importance of the NP size in forming the corona. Iron oxides with a diameter of 30 nm were the only one associated with cell cycle proteins, whereas the 200 nm particles were found to bind proteins with different functionality such as reproduction, localization, and homeostatic. The biggest ones, i.e. the 400 nm NPs, were found to be not related to any specific functionality. The three sizes of iron oxide NPs were also characterized by different protein abundance in the protein corona. To investigate nanoparticle charge, positive-(amine-conjugated) and negatively-charged (unmodified or carboxylated) polystyrene NPs incubated in human plasma were employed by Lundqvist et al. for an investigation on the effect of the NP charge on the corona formation [START_REF] Lundqvist | Nanoparticle size and surface properties determine the protein corona with possible implications for biological impacts[END_REF]. Relevant differences were observed. Indeed corona proteins specific to positive NPs were apolipoprotein F, complement C1r, and mannose-binding protein, while the polycomb proteins specific to negative NPs were the majority of complement, Ig-γ and Ig-κ. Nonetheless, the corona confers to the proteins-NP complex a zeta potential in the range of -10 mV to -20 mV that seems independent of the physical and chemical characteristics of the bare NP. Coronal dynamics can also be reflective of coronal layers (a.k.a. thickness). The quick dynamic of the soft corona led to a new definition, the "protein cloud" [START_REF] Docter | The nanoparticle biomolecule corona: lessons learned -challenge accepted?[END_REF], which pictures a weak and time-changing layer. The soft corona could consist even of protein aggregates, because generally plasma proteins generally have diameters of 3-15 nm, while coronas were found to be even over 30 nm thick. Moreover, the soft corona or protein cloud's thickness can be much larger than the hard corona, since higher number of proteins at higher concentrations occupies the soft corona rather than the hard corona.

Summary and outlook

Protein at solid/liquid interface is really "common but very complicated phenomenon" even if numerous advances were done in the last three decades. However, the approach to functionalize materials with proteins is still empirical. The concept of "hard" and "soft" protein can help to reach a better understanding and anticipate the protein behavior after its loading on a material. The assignation of a protein of one or the other category can be based on the structural properties and thus the CATH database could be useful. From the protein category, several behaviors can be predicted. However, going through the literature, we can see that the issue is more complex than one can expect. Indeed, the hard protein can modify their conformation too. Thus, despite extensive investigations, numerous questions are still open. For the kinetics, a direct characterization of the depletion, occurring when the adsorption is limited by the diffusion, could allow the validation of the Leveque model. This could be possible with the high resolution of confocal microscopy. Such informations will allow to make huge advances to the conception of antifouling surface. Another effort have to be made to define a new isotherm model to replace the Langmuir and Freundlich, that has no physical meaning in the case of protein adsorption. Such model should include the heterogeneity of the material, the possible different protein orientation and conformation. To design hybrid protein/artificial material, we have to go further on the prediction of protein behavior at liquid/solid interface. A prediction of the systematic correlation between the protein conformational change and the protein internal structure should be of an essential importance. From it, a database of protein at solid/liquid interface could be created to rationalize this knowledge and may be improve the prediction of adsorbed protein behavior. The following step will be to extend the prediction to other interfaces, such as liquid/air and aqueous/organic. In general point of view, the concept of hard and soft protein is useful but the proteins are described only at the equilibrium state. This does not involve degrees of freedom of protein that probably drive the real adsorption process. Indeed, many questions are still open about how a protein finds its way to optimize its conformation on material. This involves numerous intermediates: adsorption, structural modification, desorption, migration on surface and/or re-adsorption and so-on. Here, the Levinthal's paradox is also truth since to find a conformational stability the time scale is quite short because the equilibrium state is often reached after min/hours scale including the diffusion until surface. In solution, the protein folding can be solving by simulation due to the short time scale (µs). For the adsorption, this is not reasonable due to the time scale. Another question is it about the homogeneity of structural conformation of protein at liquid-solid interface and how are affected the free motion of the different protein chain. All these questions will improve our understanding and may be allow to reconcile the approach equilibrium and folding thermodynamics with the structural classifications for soft and hard proteins. The most important effort will be to predict the adsorption on the NP. Indeed, the exact composition and the role of the corona have to be elucidated to go further in nanomedicine and theragnostic. Among the open question, the exact role of albumin and the assembly with other serum protein (fibrinogen, IgG etc.) have to be solved. Because the adsorption of high order protein on NP seems to increase the β-sheet content, the involvement of NP on amyloid growth has to be more deeply investigated from a fundamental to a clinical point of view. Indeed, the increase of nanoplastic in the sea water let think to future sanitary problem. To conclude this review, we can say that the issue of protein at solid/liquid interface is far to be totally understood and remains a fascinating topic of research.
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 1 Figure 1 : sketch of protein energy landscape of adsorption
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 2 Figure 2 : illustration of hard and soft protein behavior on different kind of surface
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 3 Figure 3 : Sketch about the protein energy barrier of adsorption.
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 4 Figure 4 : "time evolution of the protein corona: (a) Proteins initially interact with the nanoparticle and are absorbed on its surface; (b) proteins with lower affinity (LA) can desorb from the nanoparticle surface, while proteins with higher affinity (HA) are generally tightly bound; (c) proteins with higher affinity are good candidate to form the hard corona, while protein with less affinity could form a second, more dynamic and transient, layer, the soft corona
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 1 list of protein used in interaction with material

	Class	Architecture Protein	CATH (code) category
	Mainly β β -barrel	Avidin	2.40.128.30 Hard
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