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In the current context, protein-based materials might be considered as an alternative to the petroleum-based plastics since fully biodegradable and characterized by remarkable functional properties that can be exploited in a wide range of non-food applications. To improve their performances that are often restricted by high water sensitivity and low mechanical properties, a relevant strategy consisted in the development of protein/clay nanocomposite. For this purpose, several examples of protein-based nano-biocomposites were presented with a special attention for the methods used for the incorporation of layered silicates (organically modified or not) into the matrices and the ultimate functional properties exhibited by the resulting materials. In terms of mechanical properties, the addition of nanoclays leads to a significant improvement of material performance with an increase of Young's modulus and tensile strength ranging between 1.5 and 2 times. As regards as barrier properties, the improvement appeared quite moderate in spite of a rather good dispersion of layered silicates that would be expected to result in a tortuous pathway limiting diffusion of gases molecules. Thus, a two-fold reduction in water vapour permeability was obtained, and the same or no effect in the case of permeability toward 0 2 and C0 2 .

Introduction

Among agricultural products, proteins have long and empirically been used as raw materials in a wide range of non-food applications such as adhesives, glues, paints, leather finishes, textile fibers, paper coatings, photographic supports and various moulded plastic items (buttons, door handles, jewellery…). However, in the 1960s the competition with synthetic plastics led the interest for protein-based materials to markedly decrease until a recent renewal of interest for renewable and biodegradable materials, over the last two decades, in response to raising awareness on environmental issues. Owing to their good film-forming properties, several proteins stemming from animal (casein, whey proteins, gelatin, collagen, egg white, keratin and fish myofibrillar proteins) and vegetable (soy proteins, wheat gluten, corn zein and pea protein isolates) sources have received attention for production of films or coatings. Proteins can be defined as natural polymers able to form amorphous three-dimensional structures mainly stabilized by non-covalent interactions. In contrary to most other biodegradable polymers, they are heteropolymers constituted of different amino acids and characterized by specific levels of structure ensuring various interactions and bindings differing in position, type, and energy. Protein-based materials can be prepared using either a solvent process also called casting or a common thermoplastic process such as extrusion or thermomolding. Their formulation often requires the addition of plasticizers to allow their thermo-processability and impart film flexibility. Resulting proteinbased materials are characterized by remarkable functional properties that are highly dependant on structural heterogeneity, especially on interactions between polypeptide chains, thermal sensitivity, and hydrophilic behaviour of proteins.

Protein-based materials are fully biodegradable without toxic products release.

However serious concerns remain regarding their performance, mainly including their high water sensitivity and low mechanical properties.

As largely described in the literature, the incorporation of layered silicates at the nanoscale level into a polymeric matrix often results in significant enhancement of mechanical, barrier and thermal properties. The high affinity of clays to proteins and amino acids bearing neutral, positive, and even negative charges were After a short presentation of the protein structure, which is at the root of the properties of protein-based materials, the second part of the chapter will be devoted to the possible processing routes to prepare protein-based nanobiocomposites. The third part will focus on the structure/properties relationships of proteins (gelatin, milk proteins, soy proteins, corn zein and wheat gluten)/clay nano-biocomposites.

Structure of Proteins

Proteins are heteropolymers constituted of 20 different amino acids and characterized by different levels of structure that permit various interactions and bindings differing in position, type, and energy. The functionalities of proteins-based materials mainly depend on the composition of the amino acids constituting their primary sequence and more precisely on the chemical reactivity of the amino acids lateral groups i.e. polar or hydrophobic, ionised or not, acid or basic, aromatic or aliphatic (Table 12.1). According to the chemical specificity of the amino acids constituting proteins, different types of interactions could be established leading to intra and inter-polypeptidic chain linkages. Among them, the most representative are non-covalent bonds since considered as critical in stabilizing protein threedimensional structure that can be described at four levels i.e., from primary structure to secondary, tertiary and quaternary structure [START_REF] Garrett | Part I: Molecular components of cells[END_REF]. The secondary structure of proteins corresponds to the spatial arrangement of the polypeptide chains, which results from the establishment of periodic hydrogen bindings involving carbonyl and amine groups (CO-NH) of peptide bonds. We distinguish the a-helix and the b-sheets structures. Proteins containing a relatively large proportion of proline and hydroxyproline may be less prone to adopt an ordered structure due to the disruptive effect of these amino acid residues on typical secondary structure. The tertiary structure of proteins results from diverse interactions (hydrogen, hydrophobic, electrostatic, covalent…) between amino acids belonging to the same polypeptide chain but being not neighbours. Finally, the quaternary structure generally results from non-covalent interactions between polypeptide chains. This latter structure is closely related to the functional properties of the final protein-based materials. Whey proteins [START_REF] Braunitzer | Automatische sequenzanalyse eines protein (b lactoglobulin AB)[END_REF][START_REF] Vanaman | The disulfide bonds of bovine a lactalbumin[END_REF] 28.5 12.1). Although the non-covalent bonds are weak chemical forces ranging from 4 to 30 kJ.mol -1 [START_REF] Garrett | Part I: Molecular components of cells[END_REF], they impart stability to the structures generated by their collective action. Van der Waals forces (involving both polar and apolar non-ionised amino acids, 0.4-4 kJ.mol -1 [START_REF] Garrett | Part I: Molecular components of cells[END_REF]) are also implicated but their effect on protein structure is minor. Their highly heterogeneous structure characterized by the absence of repeating units along the polypeptide chains render ineffective Van der Waals interactions that mainly act at short distance with a very low energy input. In aqueous medium proteins generally adopt a conformation in which polar amino acids are located at the interface with solvent whereas the hydrophobic parts of the polypeptide chains tend to avoid solvent by burying within the structure. Depending on the polarity, pH and ionic force of the solvent used, the respective contributions of these interactions can be modified. In pH conditions far from its isoelectric point, proteins are stabilized in the medium since the interactions established between protein and solvent are greater than those formed between amino acids. In addition to non-covalent interactions, covalent disulphide bonds formed by oxidation of two thiol groups also play an important role in the stability of the proteins containing cysteine residues.
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The functional properties of the final materials will depend on the respective contribution of these different kinds of interactions that are closely related to the characteristics of the protein raw material but that can also be modulated by the conditions used to process and store the protein-based materials. Furthermore, this heterogeneous structure offers many opportunities for cross-linking or chemical grafting.

Preparation of Protein-Based Nano-Biocomposites

The formation of a macromolecular network from proteins requires three steps:

first the rupture of low-energy intermolecular bonds that stabilize polymers in the native state, secondly the arrangement and the orientation of polymer chains (shaping), and finally the formation of a three-dimensional network stabilized by new interactions and bonds after the agent that breaks intermolecular bonds is removed [START_REF] Cuq | Proteins as agricultural polymers for packaging production[END_REF]. Due to the high glass transition temperature of proteins (above their temperature of degradation), their formulation often requires the addition of plasticizers to allow their thermo-processability and impart material flexibility.

Besides water molecules that could be considered as the natural plasticizer of most proteins, the most usual plasticizers are polyols (glycerol, sorbitol), mono-, di-, and oligo-saccharides, and fatty acids.
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Several methods have been considered to prepare polymer/layered silicate nanocomposites with an optimal dispersion state of nanofillers [START_REF] Alexandre | Polymer-layered silicate nanocomposites: preparation, properties and uses of a new class of materials[END_REF]. Two of them are compatible with the production of protein-based materials: (1) the intercalation of proteins from solution, which is compatible with the preparation of proteinbased materials via a wet process, commonly called casting, based on the dispersion or solubilisation of proteins in a solvent, and (2) the melt-intercalation technique, which is compatible with the preparation of protein-based materials via a dry, that is, thermo-mechanical process based on the thermoplastic properties of some proteins. These two processes are schematically represented on Fig. 12.1.

Wet Process/Intercalation from Solution

The wet process is suitable for all proteins. The solvents used to prepare protein film-forming solutions are generally based on water and ethanol, and occasionally acetone. Proteins are required to unfold and realign before a new three-dimensional network can be formed, and then stabilized by new inter-and intra-molecular interaction. Depending on the amino acid sequence, dispersing proteins in solution may involve the addition of solvents, disruptive agents, pH adjustment by the addition of acids or bases, or ionic strength control by electrolyte addition [START_REF] Cuq | Proteins as agricultural polymers for packaging production[END_REF]. Then, the functional properties of protein-based films prepared by casting depend on protein concentration in solution, pH, additives, solvent polarity, drying rate and 12.2) for several reasons, including the non-necessity to use plasticizers, the easiness of processing and the possibility to achieve well exfoliated nanocomposite structures due to the capacity of layered silicates to swell in an appropriate solvent (such as water). In some cases, solution intercalation followed by solvent evaporation (often by freeze-drying) is only considered as a preliminary step allowing obtaining good nanoclay dispersion, the resulting dried powders being then shaped using a dry process (Fig. 12.1, Table 12.2).

Dry Process/Melt-Intercalation

Thermoplastic properties of proteins mainly depend on the type and the density of intermolecular interactions. Extrusion requires the formation of a homogeneous protein melt implying processing temperature above the protein softening point. The fact that proteins contain a wide range of inter-molecular interactions reduces chain mobility, increases viscosity and results in a high glass transition temperature often above the decomposition temperature. Furthermore, the heat sensitivity of some proteins that aggregate and cross-link upon heating restricts the window of feasible 
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processing conditions. Because chain mobility is a key parameter to achieve successful extrusion, protein/protein interactions can become unfavourable and should thus be controlled during processing. For this purpose, chemical additives, such as sodium sulphite, sodium dodecyl sulphate and urea, known to disrupt covalent and non-covalent bonds are often used as processing aids in combination with plasticizers [START_REF] Verbeek | Extrusion processing and properties of protein-based thermoplastics[END_REF]. Although most of proteins are suitable for the extrusion process, to date, only wheat gluten and soy proteins have led to nano-biocomposites by using a dry process, such as extrusion, roller milling or thermo-molding (Table 12.2).

To prepare nanocomposite materials, layered silicates are mixed with the protein matrix in the molten state under heating and shearing (Fig. 12.1). In the case of proteins containing cysteine residues (such as soy and wheat gluten) the thermal treatment not only allows polymer melting but also induces cross-linking reactions between thiol groups (from rather low temperatures; 70°C in the case of wheat gluten [START_REF] Schofield | The effect of heat on wheat gluten and the involvement of sulfydryl-disulfide interchange reactions[END_REF], for instance). Thus, extrusion conditions (temperature and shearing) should be optimised in order to limit the temperature-induced cross-linking and favour the shear-induced alignment of polymer chains preventing the viscosity increase and allowing processability. When clay layers surface is sufficiently compatible with the protein, polypeptide chains can crawl into the galleries and lead to either an intercalated or exfoliated nanocomposite structure depending on the degree of penetration of the polymer into the clay interlayer. According to Vaia and Giannelis [START_REF] Vaia | Lattice model of polymer melt intercalation in organicallymodified layered silicates[END_REF],

interplay of entropic and energetic factors determines the outcome of polymer intercalation. Exfoliation or complete layer separation depends on the establishment of very favourable interactions between polymer and clay surfaces to overcome the entropy loss associated with polymer confinement and penetration between the clay layers. In the case of clays modified with alkylammonium, the increased conformational freedom of the surfactant chain induced by the clay layers separation might compensate additionally the entropy decrease associated with the polymer chain penetration between the clay. The kinetic of intercalation of the polymer chains between the clay layers also depends on the polymer mobility that is related with the temperature difference between the processing temperature and the polymer glass temperature [START_REF] Vaia | Kinetics of polymer melt intercalation[END_REF]. Although still too little used to prepare protein-based nanocomposites, the polymer melt intercalation is considered as a more efficient and environmentally-benign alternative than the polymer intercalation from solution since requiring no solvent. Moreover, dry processes are all available at the industrial scale and commonly used in plastics processing.

12.4 Structure/Properties Relationships of Protein-Based Nano-Biocomposites

Gelatine-Based Nano-Biocomposites

Gelatine is a protein resulting from partial thermal or chemical hydrolysis of collagen polypeptide chains stemming from animal skin, bones and cartilages.

For commercial production of gelatine, two processes are mainly used differing by gelatine is obtained by an alkaline lime followed by a solubilisation at near neutral pH at 60-90°C [START_REF] Arvanitoyannis | Formation and properties of collagen and gelatin films and coatings[END_REF]. Gelatine was one of the first food protein to be used as raw material not only for food applications but also in the pharmaceutical and photographic film industries due to large availability, low production cost (between 1 and 5 €/kg depending on the animal origin and the targeted application, food or non-food uses) and excellent film forming ability. Gelatine has been successfully used to form, by casting, films that are transparent, flexible, water-resistant and impermeable to oxygen [START_REF] Cuq | Proteins as agricultural polymers for packaging production[END_REF]. Although gelatine can be used as a valuable biopolymer in tissue engineering, its poor mechanical properties, especially in the wet state, and its high water sensitivity, revealed by a high water swelling, restrict its application as a structural biomaterial such as osteosynthetic devices. The development of gelatine/clay nano-biocomposites provided some new opportunities to overcome these limitations and widen end-uses. They are considered as the first group of nano-biocomposites deliberately created from the assembling of a natural polymer and a layered solid. Gelatine/clay nanocomposites can only be prepared using a solvent intercalation based on an ion exchange process. In this manner, the control of pH is crucial because it is required to protonate the amino groups, in order to intercalate positively charged gelatine by replacing the interlayer cation when the pH of the solution is kept below the isoelectric point of the protein [START_REF] Darder | Bio-Nanohybrids based on layered inorganic solids: gelatin nanocomposites[END_REF].

Zheng et al. first prepared gelatine/sodium MMT nano-biocomposites using a solution intercalation method [START_REF] Zheng | Gelatin/montmorillonite hybrid nanocomposite. I. Preparation and properties[END_REF] and MMT contents up to 20 wt%. The work mainly focused on thermal and mechanical properties. XRD results revealed that an intercalated or partially exfoliated structure was achieved. DSC and TGA results indicated that thermal properties of gelatine were significantly improved (the onset thermal decomposition temperature is 40°C higher than that of the pure gelatine for a filler content of 30 wt%), as later confirmed by Martucci et al. [START_REF] Martucci | Nanocomposites based on gelatin and montmorillonite Morphological and thermal studies[END_REF].

The tensile strength and Young's modulus were also improved (Table 12.3), reaching maximum values for MMT content of 17 wt%. The wet mechanical strength was also significantly improved, which was mainly attributed to the nanodispersion of MMT within the gelatine matrix and the barrier effect of MMT sheets to solvent. A significant enhancement of both the Young's modulus and the tensile strength by about a factor 2 without sacrificing toughness was further confirmed by many authors for other sources of gelatine at a low MMT loading (5 wt%) [START_REF] Rao | Gelatin-clay nanocomposites of improved properties[END_REF][START_REF] Bae | Effect of clay content, homogeneization RPM, pH, and ultrasonication on mechanical and barrier properties of fish gelatin/montmorillonite nanocomposite films[END_REF][START_REF] Fernandes | Gelatin-clay bio-nanocomposites: structural and functional properties as advanced materials[END_REF] (Table 12.3).

Concerning barrier properties, several studies showed that the introduction of MMT led to a significant reduction in the water sensibility and oxygen permeability of gelatine due to the creation of an exfoliated nanocomposite structure (Table 12.3). Li et al. first showed that the incorporation of natural MMT led to a significant decrease of both the swelling rate and the maximum solvent uptake [START_REF] Li | Gelatin/Montmorillonite Hybrid nanocomposite. II Swelling behaviour[END_REF]. Then, Bae et al. [START_REF] Bae | Effect of clay content, homogeneization RPM, pH, and ultrasonication on mechanical and barrier properties of fish gelatin/montmorillonite nanocomposite films[END_REF] and Martucci and Ruseckaite [START_REF] Martucci | Biodegradable three-layer film derived from bovine gelatin[END_REF] showed that water vapour permeability could be reduced by about a factor 2 for a 5 wt% MMT filler content. The effect of clay on the oxygen barrier properties is not so pronounced, probably due to an already very low permeability of the neat matrix (Table 12.3).
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Milk Proteins-Based Nano-Biocomposites

Milk has a protein content of about 33 g.L -1 and contains two main types of proteins:

caseins which represent about 80 % of total milk protein and whey proteins (20 % of total) that principally consist of b-lactoglobulin, a-lactalbumin and serum albumin.

Caseins are proteins of major importance in the food industry due to their key role in the cheese making process. Whey proteins are by-products of the cheese or casein 
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manufacture that remain in milk serum after pH/rennet-induced casein coagulation.

Increased production of whey because of expanding cheese manufacture has led to identify new uses for whey proteins. This also involves that whey proteins are available at lower price than caseins. The film-forming properties of milk proteins have been indirectly demonstrated by films formed on processing equipment surfaces and at airwater interfaces during heating of non-fat milk [START_REF] Cuq | Proteins as agricultural polymers for packaging production[END_REF]. Caseins and whey proteins have been used to produce transparent, flexible, colourless and odourless edible films and coatings displaying excellent oxygen, aroma and oil barrier properties at low RH, but poor moisture barrier properties as related to their high hydrophilicity and water solubility. To remedy this drawback, several attempts have been made through the incorporation of hydrophobic materials such as lipids in whey and casein film formulation [START_REF] Mchugh | Water vapor permeability properties of edible whey protein-lipid emulsions films[END_REF][START_REF] Krochta | Edible films from casein-lipid emulsions for lightly processed fruits and vegetables[END_REF]. However, phase separation often occurs and limits the efficiency of lipids addition demonstrating the need to develop other strategies to improve water resistance. The creation of a nanocomposite structure via the incorporation of layered silicate fillers in film formulation can be considered as a convenient way to reach this goal. Though, up to date, very few studies have been reported on whey protein/clay nanocomposite materials and not any on casein/clay nanocomposite materials. This is probably due to the high nutritional values and sensory acceptance of casein and whey protein that render them more suitable for edible purposes. In fact, edible applications are not compatible with the nanocomposite route.

Among studies already published on whey protein based nanocomposites, the works of Sothornvit et al. [START_REF] Sothornvit | Effect of nano-clay type on the physical and antimicrobial properties of whey protein isolate/clay composite films[END_REF]20] and Hedenqvist et al. [21] constitute the only available data reporting the effect of clay on the transport properties of whey-based materials. In all studies, nanocomposite films were obtained by the casting process from solutions in which whey protein isolates (WPI) were dispersed in water and heat denatured at temperature above 73°C [START_REF] Perez-Gago | Formation and properties of whey protein films and coatings[END_REF] to allow unfolding of their globular native structure and unmasking of most of the hydrophobic and sulfhydryl groups hidden in the core of the structure. WPI film forming solutions were then mixed with a water suspension of montmorillonites.

In Sothornvit et al. studies, different types of MMT were tested; an unmodified clay (Cloisite Na + ) and two organically modified MMT (Cloisite 30B and Cloisite 20A) with a clay loading of 5 wt% [START_REF] Sothornvit | Effect of nano-clay type on the physical and antimicrobial properties of whey protein isolate/clay composite films[END_REF] or up to 20 wt% [20]. In spite of the lack of morphological and structural analysis provided by the authors, the fact that mechanical properties (tensile strength and elongation at break) of nanocomposites were either unchanged (Cloisite Na + and Cloisite 30B) or decreased (Cloisite 20A) as compared to the neat matrix drops hints that a composite rather than a nanocomposite structure was achieved [START_REF] Sothornvit | Effect of nano-clay type on the physical and antimicrobial properties of whey protein isolate/clay composite films[END_REF]. In the case of nanocomposite films prepared with Cloisite 30B, other results showed a dramatic decrease in tensile properties for clay loadings higher than 5 wt% [20]. The MMT effect on the water vapour permeability (WVP) indicated a small but significant decrease of a 1.4 and 1.6 factor with Cloisite Na + at 5 wt% and Cloisite 30B at 20 wt% respectively, whereas no effect was observed with Cloisite 30B and 20A at 5 wt%. According to the authors, the improvement of the WVP could be directly related to the hydrophilicity of the nanoclays that largely influences their compatibility with the WPI matrix and the level of dispersion.
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edible films by collecting the lipo-proteic skin formed after boiling soya milk [START_REF] Cuq | Proteins as agricultural polymers for packaging production[END_REF].

Soy-based materials can be prepared using either a wet or a dry process (Table 12.1). In the casting process, heating up to 80°C is essential for unfolding proteins and unmasking sulfhydryl groups and hydrophobic side chains that will be involved in the resulting protein network [START_REF] Gennadios | Edible coating and films based on proteins[END_REF]. The concentration of total solids should not exceed 9 %, to avoid gelation and thickening upon heating, and film formation is favoured in slightly basic conditions. SPI-based films alone possess poor flexibility. Therefore, plasticizers are usually used to overcome the brittleness, leading unavoidably to a significant decrease in their tensile strength [START_REF] Wang | Effects of polyhydric alcohols on the mechanical properties of soy protein plastics[END_REF]. Furthermore, they display high water vapour permeability due to the hydrophilic nature of proteins. Several authors succeeded in improving these latter properties by introducing unmodified montmorillonites [START_REF] Rhim | Mechanical and water barrier properties of soy protein and clay mineral composite films[END_REF][START_REF] Chen | Interaction and properties of highly exfoliated soy protein/ montmorillonite nanocomposites[END_REF][START_REF] Kumar | Preparation and characterization of bionanocomposite films based on soy protein isolate and montmorillonite using melt extrusion[END_REF], organically modified montmorillonites (OMMT) [START_REF] Rhim | Mechanical and water barrier properties of soy protein and clay mineral composite films[END_REF][START_REF] Kumar | Effect of type and content of modified montmorillonite on the structure and properties of bio-nanocomposite films based on soy protein isolate and montmorillonite[END_REF] or rectorite [START_REF] Yu | Facile exfoliation of rectorite nanoplatelets in soy protein matrix and reinforced bionanocomposites thereof[END_REF] (Table 12.4). 
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Whatever the type of MMT used and the MMT loading (from 5 to 15 wt%), highly exfoliated and intercalated structures have been successfully prepared either via a solution intercalation process in a neutral aqueous media without any special aid [START_REF] Rhim | Mechanical and water barrier properties of soy protein and clay mineral composite films[END_REF][START_REF] Chen | Interaction and properties of highly exfoliated soy protein/ montmorillonite nanocomposites[END_REF][START_REF] Yu | Facile exfoliation of rectorite nanoplatelets in soy protein matrix and reinforced bionanocomposites thereof[END_REF] or via melt extrusion [START_REF] Kumar | Preparation and characterization of bionanocomposite films based on soy protein isolate and montmorillonite using melt extrusion[END_REF][START_REF] Kumar | Effect of type and content of modified montmorillonite on the structure and properties of bio-nanocomposite films based on soy protein isolate and montmorillonite[END_REF]. In fact, in most studies, both the dry and the wet processes were used; the first one with the objective to exfoliate clays in the SPI matrix, and the second to obtain ultimate nanocomposite materials [START_REF] Chen | Interaction and properties of highly exfoliated soy protein/ montmorillonite nanocomposites[END_REF][START_REF] Kumar | Preparation and characterization of bionanocomposite films based on soy protein isolate and montmorillonite using melt extrusion[END_REF][START_REF] Kumar | Effect of type and content of modified montmorillonite on the structure and properties of bio-nanocomposite films based on soy protein isolate and montmorillonite[END_REF][START_REF] Yu | Facile exfoliation of rectorite nanoplatelets in soy protein matrix and reinforced bionanocomposites thereof[END_REF]. According to Chen and Zhang [START_REF] Chen | Interaction and properties of highly exfoliated soy protein/ montmorillonite nanocomposites[END_REF], the high affinity between soy proteins and the MMT layers was due to two types of interactions: hydrogen bonding between the -NH and Si-O groups and electrostatic interactions between the positive-charge-rich domains of soy protein and the negatively charged MMT layers as evidenced by zeta-potential measurements and FTIR analysis. In spite of the negative charge of soy proteins at neutral pH, the heterogeneous distribution of the surface positive charges provided the possibility for soy proteins to intercalate and exfoliate negatively charged MMT layers [START_REF] Chen | Interaction and properties of highly exfoliated soy protein/ montmorillonite nanocomposites[END_REF].

However, structures and properties were shown to strongly depend on the filler content used. An increase in the filler content up to 12 wt% led to a significant increase in both the Young's modulus and the tensile strength (Table 12.4).

It is accompanied by a drop in the deformation at break due to the restricted segmental motion of soy proteins and the establishment of favourable interactions between the clay sheets and the protein chains. For filler content as high as 12-16 wt%, all the mechanical properties were degraded, due to phenomenon of MMT aggregation leading to a phase separation that occurred in the soy protein matrix [START_REF] Chen | Interaction and properties of highly exfoliated soy protein/ montmorillonite nanocomposites[END_REF][START_REF] Yu | Facile exfoliation of rectorite nanoplatelets in soy protein matrix and reinforced bionanocomposites thereof[END_REF].

The introduction of clay led to a small but significant reduction of the water vapour permeability (Table 12.4). However, filler contents higher than 10 wt% are required to get a decrease of about a factor 2. Authors classically attribute this effect to the creation of a tortuous pathway for water vapour to diffuse [START_REF] Kumar | Preparation and characterization of bionanocomposite films based on soy protein isolate and montmorillonite using melt extrusion[END_REF][START_REF] Kumar | Effect of type and content of modified montmorillonite on the structure and properties of bio-nanocomposite films based on soy protein isolate and montmorillonite[END_REF].

Corn Zein-Based Nano-Biocomposites

Zein is the major corn protein fraction (prolamin fraction) commercially produced from corn gluten meal, a by-product of corn wet-milling processing. Corn gluten meal contains about 55-60 % proteins and is available at relatively low price; 600-700 dollar/metric ton depending on the grade (food or not). Zein-based materials can be formed by different processes including casting and thermoplastic processing. Due to its low content in polar amino acids and high amount of apolar amino acids, zein-based films are not water-soluble and exhibit remarkable greaseresistance properties [START_REF] Cuq | Proteins as agricultural polymers for packaging production[END_REF]. However, zein-based materials although less water sensitive than other biopolymers still show high water vapour permeability and low tensile strength when compared with commodity polymers. As it was the case for other proteins, its inherent brittleness may be improved by the use of plasticizers, which, on the other hand, further decrease water vapour and gas barrier properties.

To our knowledge, only one article has been recently published on the development of nano-biocomposite materials to improve the properties of zein-based Author Proof
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films [START_REF] Luecha | Synthesis and properties of corn zein/montmorillonite nanocomposite films[END_REF]. In this study, zein/organically-modified MMT nano-biocomposite films were successfully produced from two different processes, (i) solvent casting and

(ii) blown extrusion involving precipitating zein protein from solution into zein resin and blowing into zein balloon, which resembled the melt intercalation method. Both techniques resulted in partially exfoliated structures, as demonstrated by XRD analysis and TEM observations. The introduction of nanoclays did not affect the translucency and the yellow colour of the films. The thermal stability of zein-based films was significantly improved for films prepared using the blown technique since a loading of only 5 wt% led to a delay of about 10°C of the temperature corresponding to a 20% weight loss. However, the improvement of mechanical and barrier properties of the zein-based films did not evolve linearly with the MMT content. Luecha et al. showed that for the solvent casting technique, critical MMT contents of 5 wt% and 3 wt% resulted in optimal improvement of tensile strength and water vapour barrier properties, respectively [START_REF] Luecha | Synthesis and properties of corn zein/montmorillonite nanocomposite films[END_REF]. The limitation of the blown technique was the restriction to use very low filler contents (below 3 wt%).

Wheat Gluten-Based Nano-Biocomposites

Wheat gluten (WG) has been widely investigated as a protein source because it is annually renewable and readily available at a reasonable cost (from 1 to 1.3 €/kg).

Wheat gluten proteins consist of monomeric gliadins with a molecular weight ranging from 15000 to 85000 and a mixture of glutenin polymers with a molecular weight between about 80000 to several million (Table 12.1). WG proteins can undergo disulphide interchange upon heating, which leads to the formation of a covalent three-dimensional macromolecular network. The reactivity of the WG proteins toward chemical and temperature allows preparing WG-based materials by using two technological approaches: either a solvent-based process or a common thermo-mechanical process based on the thermoplastic properties of WG.

With respect to its unique viscoelastic and film-forming properties, WG is an interesting raw material that can be used as a food packaging material. WG basedfilms present an attractive combination of strength and flexibility [START_REF] Cuq | Study of the temperature effect on the formation of wheat gluten network: influence on mechanical properties and protein solubility[END_REF][START_REF] Angellier-Coussy | Functional properties of thermoformed wheat gluten/montmorillonite materials with respect to formulation and processing conditions[END_REF], a high gas (oxygen and carbon dioxide) permeability in dry condition and a significant gas perm-selectivity at high relative humidity [START_REF] Gontard | Influence of relative humidity and film composition on oxygen and carbon dioxide permeabilities of edible films[END_REF][START_REF] Mujicapaz | Oxygen and carbon dioxide permeability of wheat gluten film: effect of relative humidity and temperature[END_REF][START_REF] Guillaume | Wheat gluten-coated papers for biobased food packaging: structure, surface and transfer properties[END_REF], and good grease [START_REF] Guillaume | Wheat gluten-coated papers for biobased food packaging: structure, surface and transfer properties[END_REF] and aroma barrier properties [START_REF] Chalier | Effect of concentration and relative humidity on the transfer of alkan-2-ones through paper coated with wheat gluten[END_REF] which are key functional properties for food quality preservation. They also are translucent [START_REF] Angellier-Coussy | Functional properties of thermoformed wheat gluten/montmorillonite materials with respect to formulation and processing conditions[END_REF] and can be heat-sealed [START_REF] Cho | Heat-sealing properties of compression-molded wheat gluten films[END_REF].

A downside to the use of WG-based materials is their per se reactivity and thus lower inertia than most conventional petrochemical-based plastics. As mentioned above for soy proteins-based films, WG-based films are sensitive towards water due to the hydrophilic nature of many amino acids constituting the protein chains and to the need for adding hydrophilic plasticizer. As a consequence, their mechanical properties and water vapour barrier properties in high moisture The development of nanocomposite structures has been recently applied to WG-based materials to improve moisture resistance and mechanical properties [START_REF] Olabarrieta | Properties of aged montmorillionite-wheat gluten composite films[END_REF][START_REF] Tunc | Functional properties of wheat gluten/ montmorillonite nanocomposite films processed by casting[END_REF][START_REF] Zhang | Wheat gluten-based natural polymer nanoparticle composites[END_REF][START_REF] Angellier-Coussy | Nanoparticle size aspect ratio and liquid water sorption kinetic in agropolymer-based nanocomposite films[END_REF] as well as to create antimicrobial delivery systems [43,[START_REF] Mascheroni | Anti-microbial effectiveness of relative humidity-controlled carvacrol release from wheat gluten/montmorillonite coated papers[END_REF]. All the studies devoted to WG-based nanocomposites involve the use of both unmodified and organically modified montmorillonites. The properties of these nanocomposite materials are directly related to their structure and, in this respect, the state of dispersion (intercalation/exfoliation) of the inorganic phase seems to be a key parameter [45]. The level of exfoliation highly depends on the nature of the montmorillonites. Almost fully exfoliated structures were obtained in the case of unmodified sodium MMT (Nanofil EXM 757 from Süd-Chemie (from [START_REF] Tunc | Functional properties of wheat gluten/ montmorillonite nanocomposite films processed by casting[END_REF]) or Cloisite Na + from Southern Clay Products, Inc (from [START_REF] Olabarrieta | Properties of aged montmorillionite-wheat gluten composite films[END_REF]). Contrarily, the presence of both stacks on TEM pictures and a d 001 peak characteristic of an intercalated structure on XRD patterns evidenced that organically modified montmorillonites (Cloisite 10A [START_REF] Olabarrieta | Properties of aged montmorillionite-wheat gluten composite films[END_REF] and Cloisite 30B [START_REF] Zhang | Wheat gluten-based natural polymer nanoparticle composites[END_REF]) were not well 
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exfoliated. This highlighted that the affinity between wheat proteins and nanoclays is a key parameter governing the state of dispersion of the nanoclays. The use of unmodified MMT, which are naturally hydrophilic and thus, compatible with proteins seems to be more appropriate.

All studies demonstrated that the introduction of MMT nanoparticles in WG-based materials resulted in significant improvement in tensile strength and Young's modulus with a simultaneous decrease in deformability due to increased interfacial interactions (Table 12.5). An optimal filler content of around 5 wt% was required to achieve the greatest improvement of mechanical properties, due to the possibility of layered silicates to form a tridimensional network (Table 12.5).

In the case of organically modified MMT, the presence of quaternary alkylammonium might act as a plasticizer in the WG matrix, which would play a negative role in achieving higher strength enhancement in the nanocomposites [START_REF] Zhang | Wheat gluten-based natural polymer nanoparticle composites[END_REF].

According to other studies, the moisture sensitivity of WG materials was efficiently reduced when wheat gluten proteins were combined with unmodified MMT [START_REF] Olabarrieta | Properties of aged montmorillionite-wheat gluten composite films[END_REF][START_REF] Tunc | Functional properties of wheat gluten/ montmorillonite nanocomposite films processed by casting[END_REF][START_REF] Angellier-Coussy | Nanoparticle size aspect ratio and liquid water sorption kinetic in agropolymer-based nanocomposite films[END_REF]. For example, the liquid water uptake in cast WG-based nanocomposite films and liquid water diffusivity in thermoformed films were both divided by a factor 2 for respectively 10 wt% and 21.9 wt% of unmodified MMT [START_REF] Tunc | Functional properties of wheat gluten/ montmorillonite nanocomposite films processed by casting[END_REF][START_REF] Angellier-Coussy | Nanoparticle size aspect ratio and liquid water sorption kinetic in agropolymer-based nanocomposite films[END_REF].

A decrease in WVP from 1.6 9 10 -11 to 0.6 9 10 -11 mol.m -1 .s -1 .Pa -1 between the neat matrix and the nanocomposite (from 5 to 10 wt% of MMT) might be related to the establishment of hydrophilic interactions between gluten proteins and nanoclays, which resulted in a lower availability of the hydrophilic sites for water vapour. As regards to O 2 and CO 2 permeability (evaluated at 25°C and 80-90 % RH), no significant effect was observed for WG cast films over the range of studied MMT contents (up to 10 wt%) [START_REF] Tunc | Functional properties of wheat gluten/ montmorillonite nanocomposite films processed by casting[END_REF]. However, increased barrier properties towards 2-heptanone were also obtained for MMT contents C5 wt%. This decrease in permeability was ascribed to a tortuosity effect liable for a significant diffusivity decrease while increasing MMT contents [START_REF] Tunc | Functional properties of wheat gluten/ montmorillonite nanocomposite films processed by casting[END_REF].

Besides the improvement of protein based materials performance, the addition of clays could also be use to control the release of active compound. In this context, an antimicrobial delivery system based on WG as matrix, unmodified MMT as structuring agent and carvacrol as antimicrobial compound have been investigated [START_REF] Mascheroni | Anti-microbial effectiveness of relative humidity-controlled carvacrol release from wheat gluten/montmorillonite coated papers[END_REF]45]. In the presence of 5 wt% MMT, particle size measurements and microscopic observations pointed out large aggregated structures that were supposed to entrap carvacrol molecules. Such structures could be responsible for the increased carvacrol retention as exhibited by both WG film-forming solutions and cast films. Further indications of this assumption were provided by wide angle X-ray analysis that confirmed the establishment of specific interactions between MMT, carvacrol and WG. The effect of MMT on the carvacrol release from wheat gluten coated papers was studied under controlled humidity from 40 to 100 % RH in a second part of this study [START_REF] Mascheroni | Anti-microbial effectiveness of relative humidity-controlled carvacrol release from wheat gluten/montmorillonite coated papers[END_REF]. Results indicated an increase of the carvacrol diffusivities while increasing RH and this RH-induced effect was accentuated in the presence of 5 wt% of MMT. As evidenced by scanning electron microscopy (SEM) and TEM, specific aggregated structures were formed in the presence of carvacrol and 5 wt% MMT creating a preferential pathway for carvacrol diffusion.
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The antimicrobial efficiency of the MMT-WG-coated papers toward Escherichia coli was assessed and showed that the antimicrobial effect was related to the carvacrol diffusivity. The diffusivity coefficients were utilized to optimize the packaging characteristics required to develop an efficient anti-microbial system and were finally validated against Botrytis cinerea.

Conclusion

In the current context, societal concerns and growing environment awareness have triggered the search for new products and processing that could be considered as an alternative to the existing petroleum-based plastics. In this chapter, several examples of protein-based nano-biocomposites have been presented with a special attention for the methods used for the incorporation of layered silicates (organically modified or not) into the biodegradable matrices and the ultimate functional properties exhibited by these new kind of materials. The majority of the studies are devoted to the influence of filler content on mechanical properties, with very few data concerning other properties such as barrier properties.

One of the advantages of layered silicates as nanofiller is to ensure polymeric material reinforcement in two dimensions without requiring a special process to prepare the materials. Whatever the protein used, unmodified clays which are naturally hydrophilic and thus, compatible with proteins seem to be fully appropriate for the preparation of protein-based nano-biocomposites displaying both a good level of clay dispersion and a low environmental impact. The rather good dispersion of layered silicates leads to the formation of an expected tortuous path limiting the diffusion of small gases molecules, and thus to a significant decrease of permeability towards gases (oxygen, water vapour) and aroma compounds. The addition of nanoclays also leads to a significant improvement of material performance in terms of mechanical properties. The improved properties reported above are generally attained at low silicates contents (&5 wt%) as compared to that of conventional composites. However, although nanoclays are well dispersed within the protein matrix, the resulting improvement of barrier properties is quite moderate and does not exceed a two-fold reduction in the case of water vapour, and the same effect or even no effect in the case of 0 2 and C0 2 . Concerning the effect on mechanical properties, the relative increase in Young's modulus and in tensile strength range between 1.5 and 2 times, with often a dramatic decrease in elongation for filler contents of 5 wt% and 50 %RH.

It seems that it would be more relevant to develop the ''nano-biocomposite'' strategy for other purposes than the improvement of mechanical and barrier properties of protein-based materials. The introduction of nanoclays in proteinbased matrices could provide new additional functionalities such as UV protection or controlled delivery of active agents (antimicrobial compounds, agrochemicals, fertilizers or drugs). These properties are highly demanded in polymers in general, and all the more in the case of bio-sourced polymers with interests in a wide range of applications such as packaging, medicine and agriculture. 
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 2 . Angellier-Coussy and E. Gastaldi U N C O R R E C T E D P R O O F initially noted in soils and already largely used in winemaking for protein precipitation, which hints the possibility to prepare protein-based nanocomposite materials. This strategy has begun to be explored in the field of protein-based materials for gelatin less than ten years ago (first publications in 2002). The development of protein/clay nano-biocomposites has been yet devoted to almost all proteins previously mentioned with the intention of mainly improving mechanical and barrier properties. Protein-based nano-biocomposites are also developed for the controlled release of active agents, for example for antimicrobial applications.

a

  Ionized polar: Glu, Asp, Lys, Arg, His; Non-ionized polar: Gly, Asn, Gln, Ser, Thr, Tyr; Apolar: Ala, Val, Leu, Ileu, Pro, Phe, Met, Trp 4 H. Angellier-Coussy and E. Gastaldi U N C O R R E C T E D P R O O F Amino acids are generally classified in groups depending on their ability to establish interactions via either hydrogen bonds (involving non-ionized polar amino acids, 8-40 kJ.mol -1 [1]), ionic interactions (implying ionized polar amino acids, 42-84 kJ.mol -1 [1]), hydrophobic interactions (between apolar amino acids, 4-12 kJ.mol -1 [1]) or covalent linkages (amino acids involved in disulphide bonds, 330-380 kJ.mol -1 [1]) (Table
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 121 Fig. 12.1 Schematic representation of the two main technological processes used to prepare protein/clay nano-biocomposite materials
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 8 . Angellier-Coussy and E. Gastaldi U N C O R R E C T E D P R O O F the pH conditions; type A gelatine involves an acid extraction whereas type B
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 11 9 10 -11 [28] c -5 wt% Na ? MMT -6.3 ± 0.9 65 ± 5 4.56 ± 0.15 9 10 -11 -10 wt% Na ? MMT -12.6 ± 0.6 24 ± 5 3.85 ± 0.12 9 10 -11 -15 wt% Na ? MMT -15.6 ± 1.7 18 ± 3 3.34 ± 0.09 9 10 -11 SPI (15 wt% glycerol) -2.3 ± 0.5 11.8 ± 0.4 5.85 ± 0.17 9 10 -11 [29] c -5 wt% Cloisite 30B -15.1 ± 0.9 82 ± 3 4.75 ± 0.08 9 10 -11 -10 wt% Cloisite 30B -16.2 ± 0.8 104 ± 5 4.11 ± 0.12 9 10 -11 -15 wt% Cloisite 30B -18.6 ± 0.3 55 ± 3 3.59 ± 0.14 9 10 -Mechanical properties measured on films stored at 50%RH and WVP according to the ASTM Method E 96-95 b Mechanical properties measured on films stored at 0%RH c mechanical properties measured at 65%RH and WVP between 65 and 100 %RH 12 Protein/Clay Nano-biocomposites 13
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  Protein/Clay Nano-biocomposites 15 U N C O R R E C T E D P R O O F conditions are relatively poor as compared to synthetic films such as low-density polyethylene.
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 121 Characteristics of the main proteins used to prepare protein/clay nano-biocomposites Proteins

	Amino acid ratios
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	Proteins	Solution	Solution intercalation	Melt intercalation	Melt intercalation
		intercalation	followed by solvent	using a thermo-	using a thermo-
		via casting	evaporation, then	mechanical process	mechanical process,
			shaping of the material	(thermoforming or	then shaping via
			using a dry process	extrusion)	casting
			(thermoforming or		
			extrusion)		
	Gelatine	[10-16]	-	-	-
	Whey	[19-21]	-	-	-
	proteins				
	Soy	[26]	[ 27, 30]	-	[ 28, 29]
	proteins				
	Corn zein [31]	[ 31]	-	-
	Wheat	[ 39, 40, 41,	[52]	[ 33, 42]	-
	gluten	44]			

2 Main proteins used as polymeric materials to develop agromaterials: tested methods to obtain nano-biocomposites
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	P O2 (mol/	W	Ref
	(m.s.Pa)	(%)	

3 Mechanical and barrier properties of gelatine/clay nano-biocomposites: Young's modulus (E), tensile strength (TS), deformation at break (e), water vapour permeability (WVP), oxygen permeability (PO2) and maximum water uptake (W) Sample E (GPa) TS (MPa) e (%) WVP (mol/ (m.s.Pa) -30.3 ± 2.4 48 ± 4 17.3 9 10 -12 2.08 9 10 -18 -[13] b -5 wt% Cloisite Na+ -40.9 ± 5.3 38 ± 3 7.6 9 10 -12 9.8 9 10 -19 -
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	Reference

4 Mechanical properties (Young's modulus (E), tensile strength (TS), deformation at break (e)) and water vapour permeability (WVP) properties of soy protein isolate (SPI)/clay nanobiocomposites Sample E (MPa) TS (MPa) e (%) WVP (mol/(m.s.Pa) 2.3 ± 0.5 11.8 ± 0.4 5.85 ± 0.17

Table 12 . 5

 125 Mechanical properties (Young's modulus (E), tensile strength (TS), deformation at break (e)) and water vapour permeability (WVP) properties of wheat gluten/clay nano-

	biocomposites					
	Sample	E	TS	e	WVP (mol/	Reference
		(MPa)	(MPa)	(%)	(m.s.Pa)	
	WG (10 wt% glycerol)	3.7	1.9	58	1.4 9 10 -11	[40] a, e
	-2.5 wt% Na + MMT	5.6	2.4	55	1.4 9 10 -11	
	-5 wt% Na + MMT	10.6	4.7	16	6.6 9 10 -12	
	-7.5 wt% Na + MMT	11.4	3.6	15	7.2 9 10 -12	
	WG (12 wt% water/15 wt%	65.4	5.8	106 -	[41] b
	glycerol)					
	-3 wt% C30B	91.8	9	78	-	
	WG (T = 120°C; 37.2 wt%	6.5	1.6	86	-	[33] c
	glycerol)					
	-2 wt% Na ? MMT	9.5	1.8	70	-	
	-5 wt% Na ? MMT	23.6	2.5	42	-	
	WG (T = 80°C; 37.2 wt% glycerol) 1.1	0.31	33	-	[33] c
	-2 wt% Na ? MMT	1.7	0.32	30	-	
	-5 wt% Na ? MMT	6.4	0.66	23	-	
	WG (no plasticizer)	737	48	-	-	[52] d
	-3 wt% attapulgite	691	50	-	-	
	-7 wt% attapulgite	773	59	-	-	
	-10 wt% attapulgite	783	57	-	-	
	-20 wt% attapulgite	770	49	-	-	
	Mechanical properties evaluated at a 70 %RH b 50 %RH c 75 %RH d 53 %RH				

e WVP measured between 0 and 100 % RH 16

H. Angellier-Coussy and E. Gastaldi

Protein/Clay Nano-biocomposites

H. Angellier-Coussy and E. Gastaldi Layout: T1 Standard SC Book ID: 210696_1_En Book ISBN: 978-1-4471-4101-3 Chapter No.: 12 Date: 10-4-2012 Page: 18/21

Author Proof

U N C O R R E C T E D P R O O F

In the work reported by Hedenqvist et al. [21] the montmorillonites used were previously intercalated with poly(vinylidene pyrrolidone) which is water soluble and acts as surfactant by easily adsorbing onto the MMT Na + surface. Clay filler loadings tested were up to 4.8 vol% MMT as expressed in inorganic content. This study mainly focused on the effect of clay content on the methanol diffusion through the films in relation to the morphology of the composite and the thermal properties of the polymer matrix. Thermal analysis confirmed that the polymer matrix was influenced by the presence of the nanoparticles as evidenced by a reduction of the glass transition temperature indicating a reduction of the segmental mobility in the nanocomposite. They also noted that the absence of a significant increase in relaxed rubber modulus in the nanocomposites suggests that the reinforcing effect of the filler was limited, due to an incomplete exfoliation of clay nanoparticles, as confirmed by TEM analysis. Finally, a small but significant reduction (by almost two orders of magnitude) in the average methanol diffusivity was obtained for the highest MMT content (4.8vol%). According to these authors, the effect of nanoclays on the penetrant diffusivity was due to a reduction of the segmental mobility that reflects interactions between the filler particles and the polymer matrix and the tortuosity induced by MMT that extends the diffusion pathway of the penetrant molecules.

Beside evaluating the effect of nanoclays on mechanical and transport properties, Sothornvit et al. also studied the antimicrobial properties of WPI films reinforced with Cloisite Na + , Cloisite 30B and Cloisite 20A [START_REF] Sothornvit | Effect of nano-clay type on the physical and antimicrobial properties of whey protein isolate/clay composite films[END_REF]20]. Results obtained showed that WPI/Cloisite 30B nanocomposite films exhibited a significant bacteriostatic effect against Gram-positive bacteria (L. monocytogenes) and no effect on Gram-negative bacteria (E. coli O157:H7) whereas, no antimicrobial activity was observed with WPI films reinforced with Cloisite Na + and Cloisite 20A. According to another study focusing on the antimicrobial activity of nanoclays alone [START_REF] Hong | Antimicrobial activity of organically modified nanoclays[END_REF], this antimicrobial effect was mainly ascribed to the quaternary ammonium group carried by the organically modified clays that might be able to disrupt bacterial cell membranes to cause cell lysis. This hypothesis is supported by the fact that among the different unmodified and organically modified clays studied, the unmodified one was the only clay to display no antimicrobial activity [START_REF] Hong | Antimicrobial activity of organically modified nanoclays[END_REF].

Soy-Based Nano-Biocomposites

Most of the proteins in soybean can be classified as globulin. Protein in the form of meal is one of the typical end products from soybean industrial processing. Protein meal can further be concentrated for the production of commercially available soy protein concentrates and isolates. Because soy protein isolates (SPI) are a highly refined class of soybean proteins that contains more than 90% protein and 18 different amino acids, they became the favourite choice of researchers. The filmforming properties of soy proteins have been traditionally used in Asia to obtain Author Proof