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Milk is a product secreted by the females of all mammals whose objective is to provide to the newborns all necessary elements for their survival and development during the first stages of life [START_REF] Thompson | Milk proteins, from expression to food[END_REF]. After the domestication of animals, milk became an important part of the human diet, even for adults. Nowadays, it is estimated that in USA, several European countries, Canada, Australia and New Zealand, 30% of the protein diet is supplied by the consumption of dairy products [2]. Thanks to the domestication of animals and the better control of milk production, different milk products could be developed aiming milk conservation or the diversification of sensory aspects. However, for centuries the knowledge associated with milk was empirical. A great example of how the development of scientific knowledge changed the dairy market and industry is the whey.

Smithers [START_REF] Smithers | Whey and whey proteins-From 'gutter-to-gold[END_REF] well described in his review "Whey and whey proteins -From gutter-to-gold" how a set of factors (e.g. environmental, scientific and technological advances...) contributed to change the image and perception of whey by the consumers and industries. The whey which was considered as an industrial by-product is now recognized for its high biological value and the technical and functional properties of its proteins.

Nevertheless the knowledge accumulation and the scientific development are continuous and point to a new trend now; whey proteins are no longer considered only as functional ingredients; they are also valuable and versatile raw materials for the development of several innovative objects. From gold nugget to gold jewelry. In the last 10 years, many scientific papers have been published describing the formation of supramolecular structures from whey proteins. The formation of fibers, nanotubes and coacervates (microspheres) using whey proteins as elementary bricks has gained attention from several scientific communities because of their intriguing structures and their high potential applications. Encapsulation and controlled release of bioactives is one of these potential applications [4].

Bovine Serum Albumin (BSA)

Although its concentration in milk is relatively low (~0.4 g/kg), BSA is an important protein in blood for the transport of molecules. It has 582 AA and a molecular weight of 66.4 kDa [START_REF] Bouhallab | Spontaneous Assembly and Induced Aggregation of Food Proteins[END_REF].

BSA is a monomeric protein presenting 17 disulfide bridges and only one free cysteine (Figure 2.2 B). This protein and human serum albumin (HSA) share 75% sequence identity [START_REF] Thompson | Milk proteins, from expression to food[END_REF].

BSA is also an acidic protein, with a pI around 4.9 [START_REF] Xu | Protein Purification by Polyelectrolyte Coacervation: Influence of Protein Charge Anisotropy on Selectivity[END_REF]. Its denaturation temperature is around 60 °C, although its thermo-stability can be increased by binding of hydrophobic ligands [START_REF] Thompson | Milk proteins, from expression to food[END_REF][START_REF] Celej | Ligand-induced thermostability in proteins: Thermodynamic analysis of ANS-albumin interaction[END_REF].

Lactoferrin (LF)

LF is an iron-binding glycoprotein composed by 689 AA distributed in two homologous lobes (around 40% of similarity) (Figure 2.2 C). Its molecular weight is around 83 kDa and it is the major basic protein in cow milk having a pI around 8.6 -8.9 [START_REF] Bouhallab | Spontaneous Assembly and Induced Aggregation of Food Proteins[END_REF]. Its charges are distributed on its surface and important positive patches are located on the N lobe and on the inter-lobe region [START_REF] Baker | A structural framework for understanding the multifunctional character of lactoferrin[END_REF].

Lactoferrin tends to polymerize especially at high concentrations. It can exist in different polymeric forms ranging from monomers to tetramers. Usually lactoferrin is presented in a monomeric state at low ionic strengths, however increasing the ionic strength dimers/aggregates can be formed [START_REF] Mela | Charge reversal by salt-induced aggregation in aqueous lactoferrin solutions[END_REF][START_REF] Persson | Molecular evidence of stereo-specific lactoferrin dimers in solution[END_REF].

Each lobe of the protein presents an iron binding site, which requires the fixation of bicarbonate as synergist ion for iron binding [START_REF] Thompson | Milk proteins, from expression to food[END_REF][START_REF] Sawyer | The Secondary Structure of Milk-Proteins and Their Biological Function[END_REF]. According to the level of iron saturation, three different forms of LF exist. The apo form with less than 5% of iron saturation, the holo form is fully saturated while the native form presents approximately 15-20% of iron saturation [START_REF] Bokkhim | Physico-chemical properties of different forms of bovine lactoferrin[END_REF].

Similarly to several metalloproteins, LF iron saturation affects its flexibility. At neutral pH, apo LF denaturation temperature is around 71 °C whereas holo LF has a denaturation temperature of 91 °C [START_REF] Bokkhim | Physico-chemical properties of different forms of bovine lactoferrin[END_REF]. The native-LF presents two denaturation peaks, the major one corresponds to the The most widely used encapsulation techniques and some related applications are summarized in Table 2.2. Furthermore, some procedures have been specifically developed to optimize the potential of biopolymers such as whey proteins as encapsulating agents. Several articles have summarized the potential of whey proteins to transport and protect bioactives such as ions, fatty acids and vitamins [START_REF] Livney | Milk proteins as vehicles for bioactives[END_REF][START_REF] Velikov | Colloidal delivery systems for micronutrients and nutraceuticals[END_REF][START_REF] Chen | Food protein-based materials as nutraceutical delivery systems[END_REF][START_REF] Elzoghby | Casein-based formulations as promising controlled release drug delivery systems[END_REF]. Additionally, two distinct and complementary approaches i.e. "top-down" and "bottom-up", have been explored to widen the use of whey proteins as encapsulating biomaterials.

Table 2.2. Main conventional techniques used for the encapsulation of bioactive and food ingredients. Please refer to the following papers for more details: [START_REF] De Vos | Encapsulation for preservation of functionality and targeted delivery of bioactive food components[END_REF][START_REF] Augustin | Encapsulation of Bioactives[END_REF][START_REF] Gouin | Microencapsulation: industrial appraisal of existing technologies and trends[END_REF][START_REF] Shahidi | Encapsulation of food ingredients[END_REF].

Technique Concept Examples of applications

Spray Drying

Drying of the encapsulated material dispersed in the shell material. Encapsulation by starch, polysaccharides, maltodextrins and/or proteins. This technique produces particles between 10 and 100 µm.

Encapsulation of flavor compounds, polyphenols and vitamins

Spray

Cooling/Chilling

Incorporation of the core material in the warm and liquefied shell material (often vegetable oils). Relatively low cost encapsulation technique. Through product atomization, and consequently cooling, micro-capsules are formed.

Encapsulation of flavor compounds, minerals, vitamins and probiotics

Freeze Drying

Co-lyophilization of the core and the shell materials after a homogenization process. Normally this technique produces nonuniform particles.

Encapsulation of flavor compounds, fatty acids and probiotics

Extrusion

Formation of core material droplets that became microparticles after immersion in a hardening bath with the shell material. Normally the shell material is a glassy carbohydrate matrix. The core material may be released in a high temperature medium. The encapsulation efficiency is small, moreover the produced particles shows high stability and an extended shelf life.

Encapsulation of flavor compounds, vitamins and food ingredients (lactic acid)

Spinning Disk

Passage through a spinning disk of a suspension of the core material in the shell material. During processing, the shell material forms a thin film around the core material particles. Production of particles from20 µm to few millimeters of diameter.

Encapsulation of Cells (yeast)

Supercritical

Fluid Extraction

This technique similar to spray drying, except that the shell material and the core material are solubilized/dispersed in a supercritical fluid.

Encapsulation of Heatsensible cores as vitamins and polyphenols

Fludized bed

This technique is applied for solid particle encapsulation (100µm to few mm). The shell material is atomized onto core material fluidized by an upward stream of air.

Encapsulation of acidulates, vitamins and cells

Cocrystallization Spontaneous crystallization of a supersaturated solution of sucrose simultaneously with the addition of the core material, forming a crystalline irregular network, allowing the encapsulation into the pores of the network.

Encapsulation of acids, flavor compounds, antioxidants and minerals

Coacervation

Phase separation of one or many polyelectrolytes from a solution and deposition of the colloidal particles around the active ingredient suspended or emulsified in the same reaction media. When hydrocolloids are used, they can be cross-linked using appropriate chemical or enzymatic agent.

Encapsulation of fatty acids and flavonoids

Liposomes

Spherical particles consisting of a membranous system formed by one or more concentric bi-layers of lipids (often phospholipids). They can be used in the entrapment, delivery and released of water-soluble, lipid-soluble and amphiphilic materials.

Encapsulation of vitamins, enzymes and peptides

Inclusion

This technique refers to the supra-molecular association through noncovalent interactions of a ligand ("encapsulated" compound) into a cavity formed by a "shell" material (e.g. cyclodextrins).

Encapsulation of vitamins, flavor compounds and essential oils

The "top-down" approach consists of the fragmentation of a large structure into smaller particles through external energy input, especially mechanical energy [START_REF] Velikov | Colloidal delivery systems for micronutrients and nutraceuticals[END_REF][START_REF] Chen | Food protein-based materials as nutraceutical delivery systems[END_REF]. The formed particles have the same composition as the initial structure [START_REF] Velikov | Colloidal delivery systems for micronutrients and nutraceuticals[END_REF]. The initial structure can be a preformed protein hydrogel and particles of definite size are obtained using the "top-down" approach. The formed particles have the ability to entrap and transport micronutrients and bioactive compounds. Several gelling strategies are available for encapsulating the bioactives in the preformed protein hydrogel: Enzymatic-induced gelation [START_REF] Heidebach | Transglutaminase-induced caseinate gelation for the microencapsulation of probiotic cells[END_REF][START_REF] Heidebach | Microencapsulation of probiotic cells by means of rennet-gelation of milk proteins[END_REF], heat-induced gelation [START_REF] Betz | Whey protein gels for the entrapment of bioactive anthocyanins from bilberry extract[END_REF] and cold-set gelation [START_REF] Martin | Impact of protein pre-treatment conditions on the iron encapsulation efficiency of whey protein cold-set gel particles[END_REF][START_REF] Martin | Enhancing the in vitro Fe(2+ ) bio-accessibility using ascorbate and cold-set whey protein gel particles[END_REF]. Protein cold-set gelation is particularly useful for encapsulating heat-sensitive bioactives, including probiotics [START_REF] Chen | Food protein-based materials as nutraceutical delivery systems[END_REF] and occurs in two steps; the first step involves an unfolding of the globular proteins (by a thermal treatment), resulting in the exposure of some reactive groups. After cooling and the addition of the heat-sensitive molecules of interest, the second step consists of a cold aggregation of the denatured proteins through a reduction in electrostatic repulsions, by decreasing pH or/and adding salts [START_REF] Martin | Impact of protein pre-treatment conditions on the iron encapsulation efficiency of whey protein cold-set gel particles[END_REF][START_REF] Alting | Physical and chemical interactions in cold gelation of food proteins[END_REF]. Another advantage of this method is that reactive groups exposed during the heat treatment of the proteins might establish interactions with the bioactives [START_REF] Chen | Food protein-based materials as nutraceutical delivery systems[END_REF].

In contrast, the "bottom-up" approach is based on the association of molecules or small particles into larger and more complex supra-structures [START_REF] Chen | Food protein-based materials as nutraceutical delivery systems[END_REF][START_REF] Viney | Self-assembly as a route to fibrous materials: concepts, opportunities and challenges[END_REF]. This approach allows a better kinetic and thermodynamic control of the supramolecular structure formation, but it is often more complex to implement. In addition, the "bottom-up" approach usually requires less energy input than the "top-down" approach [START_REF] Velikov | Colloidal delivery systems for micronutrients and nutraceuticals[END_REF]. The assembly of proteins into supramolecular structures might be induced differently according to the applied chemical or physical treatments and energy input. For instance, different structures have been generated from whey proteins, depending on the intensity of the heat treatment applied [START_REF] Bengoechea | Formation of protein nanoparticles by controlled heat treatment of lactoferrin: Factors affecting particle characteristics[END_REF], the combination of heat treatment and variations of ionic strength and/or pH conditions [START_REF] Giroux | Preparation of nanoparticles from denatured whey protein by pH-cycling treatment[END_REF]. Another possibility consists of the spontaneous protein interactions that are driven and stabilized by weak reversible interactions, including electrostatic, hydrophobic and hydrogen interactions, or salt bridges [START_REF] Semo | Casein micelle as a natural nano-capsular vehicle for nutraceuticals[END_REF][START_REF] Esmaili | Beta casein-micelle as a nano vehicle for solubility enhancement of curcumin; food industry application[END_REF][START_REF] Desfougeres | Charge and size drive spontaneous self-assembly of oppositely charged globular proteins into microspheres[END_REF]. A large variety of supra-structures can be obtained by changing the nature and concentration of the proteins, the concentration and type of salts, in the presence or absence of specific enzymes or by modulating the temperature. This variety of supra-structures represents a great potential regarding the encapsulation of bioactives. Protein assembly can also be triggered through protein desolvation in the presence of organic solvents [START_REF] Ko | Preparation of sub-100-nm beta-lactoglobulin (BLG) nanoparticles[END_REF][START_REF] Gunasekaran | Use of whey proteins for encapsulation and controlled delivery applications[END_REF][START_REF] Gulseren | Whey protein nanoparticles prepared with desolvation with ethanol: Characterization, thermal stability and interfacial behavior[END_REF][START_REF] Gulseren | Zinc incorporation capacity of whey protein nanoparticles prepared with desolvation with ethanol[END_REF]. Thus, heat-denatured proteins in aqueous solution form nanoparticles of about 100-200 nm subsequent to modification of the solvent properties following the addition of organic solvents such as acetone or ethanol. The change in solvent properties strengthens hydrogen bonds and reduces hydrophobic associations between heat-denatured proteins [START_REF] Ko | Preparation of sub-100-nm beta-lactoglobulin (BLG) nanoparticles[END_REF][START_REF] Gulseren | Whey protein nanoparticles prepared with desolvation with ethanol: Characterization, thermal stability and interfacial behavior[END_REF]. These nanoparticles, which can be further stabilized using a cross-linking reagent, are suitable for the encapsulation and transport of micronutrients [START_REF] Gulseren | Zinc incorporation capacity of whey protein nanoparticles prepared with desolvation with ethanol[END_REF] and bioactives [START_REF] Gunasekaran | Use of whey proteins for encapsulation and controlled delivery applications[END_REF]. Recently, milk proteins have been used to form nano-and medium and the conformation of the protein. The binding affinity constant of curcumin with native β-lactoglobulin was higher than that with heat-denatured protein [START_REF] Sneharani | Interaction of Curcumin with beta-Lactoglobulin-Stability, Spectroscopic Analysis, and Molecular Modeling of the Complex[END_REF]. This change was attributed to a conformational change of the internal calyx of β-LG, resulting in a non-specific binding of curcumin molecules. In contrast, Tavel et al. [START_REF] Tavel | Interactions between aroma compounds and β-lactoglobulin in the heatinduced molten globule state[END_REF] showed that β-ionone and guaiacol aroma exhibited a higher binding affinity for partially denatured β-LG molecules (molten globule state) than for the native protein. This higher affinity was hypothesized to be due to the exposure of some internal hydrophobic regions on the surface of the partially denatured protein and an increased accessibility of the calyx [START_REF] Tavel | Interactions between aroma compounds and β-lactoglobulin in the heatinduced molten globule state[END_REF]. In some cases, the ligand binding might induce changes in the β-LG structure as reported by Le Maux et al. [START_REF] Maux | Beta-Lactoglobulin as a molecular carrier of linoleate: characterization and effects on intestinal epithelial cells in vitro[END_REF]. These authors showed that linoleate binding to β-LG favored denaturation of the protein, with subsequent formation of protein covalent dimers and trimers [START_REF] Maux | Beta-Lactoglobulin as a molecular carrier of linoleate: characterization and effects on intestinal epithelial cells in vitro[END_REF].

Whey proteins other than β-LG have also been studied for their ability to bind specific ligands. Kuhn et al. [START_REF] Kuhn | Binding of 2-nonanone and milk proteins in aqueous model systems[END_REF] showed that BSA has two binding sites and has a higher affinity for 2-nonanone, a flavor compound, than β-LG or α-LA, which only possess one binding site. After binding to whey proteins, some ligand properties were improved, including, in a non-exhaustive manner: i) a reduction of UV radiation induced the photo-degradation of folic acid from 40% to 6% after 60 minutes of treatment [START_REF] Liang | Beta-lactoglobulin/folic acid complexes: formation, characterization, and biological implication[END_REF]; ii) an increase in the photo-stability and solubility of resveratrol [START_REF] Liang | Interaction of beta-lactoglobulin with resveratrol and its biological implications[END_REF] and α-tocopherol [START_REF] Liang | Characterisation of the βlactoglobulin/α-tocopherol complex and its impact on α-tocopherol stability[END_REF]; iii) an increase in the solubility and half-life of curcumin [START_REF] Sneharani | Interaction of Curcumin with beta-Lactoglobulin-Stability, Spectroscopic Analysis, and Molecular Modeling of the Complex[END_REF]. In contrast, a decrease in the antioxidant activity of tea catechins was observed when they formed complexes with β-LG [START_REF] Zorilla | Interaction of epigallocatechin-3-gallate with β-lactoglobulin: molecular characterization and biological implication[END_REF] and BSA [START_REF] Arts | Interactions between flavonoids and proteins: Effect on the total antioxidant capacity[END_REF]. In some cases, the complexes exhibited unexpected new functionalities that were not predictable from those of isolated molecules. This was the case for the complex formed between apo α-LA (calcium-free form) and oleic acid, known as HAMLET/BAMLET (human/bovine α-lactalbumin made lethal to tumor cells), which induces apoptosis of tumor cells [START_REF] Mok | HAMLET, protein folding, and tumor cell death[END_REF]. Heat-denatured α-LA was also able to form a complex with oleic acid that induced apoptosis in cancer cells [START_REF] Liskova | Effect of denaturation of alpha-lactalbumin on the formation of BAMLET (bovine alpha-lactalbumin made lethal to tumor cells)[END_REF]. In addition, a complex formed by β-LG and oleate was shown to induce apoptosis in cancer cells comparable to the activity of BAMLET [START_REF] Liskova | Cytotoxic complexes of sodium oleate with beta-lactoglobulin[END_REF]. The improvement in fatty acid solubility through its binding to these proteins is probably a driving mechanism behind the observed apoptotic effect.

Encapsulation devices obtained through the "bottom-up" approach

The ability of whey proteins, particularly β-LG, to form nanoparticles used as encapsulating agents has also been extensively studied. Thermal aggregation and desolvation are the main strategies used for the production of these nanoparticles.

Li et al. [START_REF] Li | Preservation of (-)-epigallocatechin-3-gallate antioxidant properties loaded in heat treated beta-lactoglobulin nanoparticles[END_REF] evaluated the encapsulation efficiency of β-LG nanoparticles for epigallocatechin3-gallate (EGCG) in a wide range of pH (2.5-7.0), thermal treatment intensity (30-85°C/20 min), β-LG concentration (1-10 mg/mL) and protein:EGCG molar ratio (1:2 to 1:32). Nanoparticles were formed on heating, concomitantly with the encapsulation of EGCG.

The four studied factors affect the nanoparticle characteristics: particle size, zeta-potential and entrapment efficiency. The highest protection of EGCG was observed for heat treatment at 85°C and a protein:EGCG molar ratio of 1:2 [START_REF] Li | Preservation of (-)-epigallocatechin-3-gallate antioxidant properties loaded in heat treated beta-lactoglobulin nanoparticles[END_REF]. Nanoparticles protect encapsulated EGCG via steric hindrance and exhibit antioxidative properties due to the free thiols of the heat-denatured proteins [START_REF] Shpigelman | Thermally-induced protein-polyphenol coassemblies: beta lactoglobulin-based nanocomplexes as protective nanovehicles for EGCG[END_REF]. Similarly, heat-induced β-LG nanoparticles with a diameter less than 50 nm and a zeta potential of about -40 mV were produced from 1.0% w/w protein solutions [START_REF] Shpigelman | Thermally-induced β-lactoglobulin-EGCG nanovehicles: Loading, stability, sensory and digestive-release study[END_REF]. These nanoparticles showed an encapsulation efficiency of over 60 to 70% for EGCG and according to sensory tests, the bitterness and astringency of EGCG were significantly reduced. The release of EGCG was limited during simulated gastric digestion, which suggests that the nanoparticles could be used to protect EGCG in the stomach, allowing a possible release of the bioactive into the gut [START_REF] Shpigelman | Thermally-induced β-lactoglobulin-EGCG nanovehicles: Loading, stability, sensory and digestive-release study[END_REF].

High-pressure homogenization was used to produce nanoparticles from heat-induced aggregates of whey proteins for α-tocopherol encapsulation [START_REF] Relkin | Food protein aggregates as vitamin-matrix carriers: impact of processing conditions[END_REF]. The formed particles exhibited formed nanoparticles were stabilized using glutaraldehyde as a cross-linking agent [START_REF] Gunasekaran | Use of whey proteins for encapsulation and controlled delivery applications[END_REF].

Spherical particles with a diameter of 140 nm were obtained, which showed a curcumin encapsulation efficiency of about 96%, with a simultaneous increase in curcumin solubility in aqueous solution from 0.03 to ≈620 µM. However, the encapsulated curcumin was slowly released from protein nanoparticles at neutral pH, which limits the use of these nanoparticles as a vehicle for such substances [START_REF] Sneharani | Interaction of Curcumin with beta-Lactoglobulin-Stability, Spectroscopic Analysis, and Molecular Modeling of the Complex[END_REF].

To develop nanoparticles designed for food applications, i.e., without the use of non-food grade solvents and chemical cross-linking agents, Gulseren et al. [START_REF] Gulseren | Whey protein nanoparticles prepared with desolvation with ethanol: Characterization, thermal stability and interfacial behavior[END_REF] tailored nanoparticles of whey protein isolate (WPI) by desolvation using ethanol. These particles were used for the encapsulation of zinc and demonstrated an entrapment efficiency between 80 and 100%, with a maximum incorporation of zinc of about 8 mg/g WPI. These particles remained stable for 30 days at 22°C at pH 3.0 [START_REF] Gulseren | Zinc incorporation capacity of whey protein nanoparticles prepared with desolvation with ethanol[END_REF]. Another food-grade technology for the encapsulation of bioactives based on the supercritical drying of pre-formed hydrogels to form aerogels was applied with success to WPI [START_REF] Betz | Preparation of novel whey protein-based aerogels as drug carriers for life science applications[END_REF]. Aerogels formed by controlled drying with supercritical carbon dioxide of WPI hydrogels exhibit a mesoporous structure with a high encapsulation capacity of ketoprofen, a hydrophobic molecule, compared to the macroporous structure found for cryogels formed by conventional freeze-drying techniques. Hence, similar to polysaccharides, protein aerogels with a high encapsulating efficiency offer new possibilities as an alternative to aerogels from synthetic polymers.

Encapsulation devices obtained from a "top-down" approach

Top-down approaches for the encapsulation of bioactives using whey proteins are basically restricted to strategies of protein cold gelation, the formation of emulsions or a combination of these two strategies using extrusion techniques. Remondetto et al. [START_REF] Remondetto | Cold gelation of beta-lactoglobulin in the presence of iron[END_REF] reported that cold-set gels of β-LG induced by the addition of iron show different morphologies, depending on the iron/protein ratio. For the lower ratios tested, filamentous gels were formed, whereas particulate gels were obtained at high ratios [START_REF] Remondetto | Cold gelation of beta-lactoglobulin in the presence of iron[END_REF]. Particulate gels are mainly stabilized by van der Waals interactions; the large concentration of iron causes a rapid decrease in the repulsive forces, which generates random aggregation and leads to particulate gels. Moreover, low concentrations of iron mainly drive the formation of gels via hydrophobic interactions; the low iron concentration causes a decrease in the surface charge of the molecules and/or aggregates, facilitating interaction between exposed hydrophobic regions, which orients the growth of the assembly in only one direction, leading to filaments [START_REF] Remondetto | Molecular mechanisms of Fe2+ induced betalactoglobulin cold gelation[END_REF]. The microstructure of the gels affects the iron release properties. At acidic pH, iron was released more efficiently from particulate gels than from filamentous gels. In contrast, iron release was more efficient with filamentous gels at neutral pH, providing greater iron absorption under intestinal conditions, according to in vitro tests. This suggests that filamentous matrices are more efficient in the protection and transport of iron for nutritional purposes [START_REF] Remondetto | Iron availability from whey protein hydrogels: an in vitro study[END_REF].

Although the fragmentation of protein hydrogels into particles characterizes the top-down approach, some authors limit their research to the ability of gels to entrap and release bioactives, without the stage of gel fragmentation into particles. Nevertheless, some papers describe the production of particles from hydrogels, which characterizes a real application of the top-down approach. Therefore, Martin and de Jong [START_REF] Martin | Impact of protein pre-treatment conditions on the iron encapsulation efficiency of whey protein cold-set gel particles[END_REF] investigated the effect of pH and pre-heating conditions on iron-induced cold-set gels of WPI. After gelation, gels were refined into particles; both the stability of the particles and the iron-release kinetic were evaluated. The structural characteristics and the stability of the particles changed according to the severity of the preheating treatment. In this study, the iron:protein molar ratio in the particles was controlled by the duration of pre-heating at 80°C, reaching 5.3:1, 8.8:1 and about 17:1 after 0.5, 3 h, 10 h of pre-heating, respectively. However, irrespective of the conditions of pre-heating, the same ironrelease kinetic was observed at acidic pH [START_REF] Martin | Impact of protein pre-treatment conditions on the iron encapsulation efficiency of whey protein cold-set gel particles[END_REF]. The preparation of protein particles for the was also reported [START_REF] Martin | Enhancing the in vitro Fe(2+ ) bio-accessibility using ascorbate and cold-set whey protein gel particles[END_REF]. The particles had a mean diameter of 850 and 75 μm before and after lyophilization, respectively. The iron/protein molar ratio in the particles was approximately 5.7:1.0. The In vitro bio-accessibility of Fe 2+ doubled following its encapsulation into protein particles and even increased from 10% to 80% in the presence of ascorbate [START_REF] Martin | Enhancing the in vitro Fe(2+ ) bio-accessibility using ascorbate and cold-set whey protein gel particles[END_REF]. These authors proposed that whey protein particles combined with ascorbate can be adequately used to fortify food products with iron. Cold-set gelation was also used to encapsulate microorganisms of interest. Reid et al. [START_REF] Reid | Microentrapment of probiotic bacteria in a Ca2+ -induced whey protein gel and effects on their viability in a dynamic gastro-intestinal model[END_REF], and Hebrard et al. [START_REF] Hebrard | Use of whey protein beads as a new carrier system for recombinant yeasts in human digestive tract[END_REF] used calcium-induced cold-set gelation to encapsulate probiotic bacteria and recombinant yeast, respectively. The protocol used is basically summarized by the dispersion of the selected cell cultures in a heat-treated WPI solution, followed by extrusion of the mixture in a solution of calcium chloride. The contact with the calcium solution induced the gelation of the proteins and consequently, the formation of capsules entrapping the probiotics [START_REF] Reid | Microentrapment of probiotic bacteria in a Ca2+ -induced whey protein gel and effects on their viability in a dynamic gastro-intestinal model[END_REF][START_REF] Hebrard | Use of whey protein beads as a new carrier system for recombinant yeasts in human digestive tract[END_REF]. A SEM image of Lactobacillus rhamnosus cells homogeneously entrapped in the network of WPI capsules is shown in Figure 2.4. The formed capsules possessed a diameter of about 3.0 mm and were an effective protective barrier for the encapsulated cells against gastric digestion conditions [START_REF] Reid | Microentrapment of probiotic bacteria in a Ca2+ -induced whey protein gel and effects on their viability in a dynamic gastro-intestinal model[END_REF][START_REF] Hebrard | Use of whey protein beads as a new carrier system for recombinant yeasts in human digestive tract[END_REF]. Similarly, Doherty et al. [START_REF] Doherty | Development and characterisation of whey protein micro-beads as potential matrices for probiotic protection[END_REF] produced capsules of about 200 µm in diameter from heat-treated WPI that were dropped in an acetate buffer solution at pH 4.6 for gelation. These capsules were used for the encapsulation of L. rhamnosus. In these studies, the encapsulation efficiency of the bacteria reached 96%. Indeed, the encapsulation device increased the viability of the cells during storage and their resistance against gastric digestion. Hence, whey proteins constitute an ideal biopolymer for the encapsulation and protection of probiotics and their challenging delivery to intestinal absorption sites [START_REF] Doherty | Development and characterisation of whey protein micro-beads as potential matrices for probiotic protection[END_REF]. They were evaluated for their stability and the kinetics of release of the encapsulated compound in simulated gastric fluid. The authors showed that the pH of the WPI solution affected the interaction between anthocyanins and the proteins. Gels formed at pH 1.5 were more stable than those formed at pH 3.0, representing a very favorable microenvironment for the encapsulation of anthocyanins [START_REF] Betz | Whey protein gels for the entrapment of bioactive anthocyanins from bilberry extract[END_REF]. The adsorption ability of heat-denatured proteins at an oil/water interface and their subsequent gelation has been explored, to stabilize emulsions with the aim of forming delivery systems. Hence, the interfacial properties of whey proteins are a key element explored for the encapsulation of various compounds. Immediately after the formation of the emulsion by mixing heat-denatured WPI solution and soybean oil containing retinol, the lipid droplets were extruded into a calcium chloride solution to induce gelation of interfacial proteins [START_REF] Beaulieu | Elaboration and characterization of whey protein beads by an emulsification/cold gelation process: Application for the protection of retinol[END_REF].

The thus-formed encapsulating devices were about 2.0 mm in diameter and were stabilized by intermolecular β-sheet structures between protein molecules [START_REF] Beaulieu | Elaboration and characterization of whey protein beads by an emulsification/cold gelation process: Application for the protection of retinol[END_REF]. With the same objective, Liang et al. [START_REF] Liang | In vitro release of α-tocopherol from emulsion-loaded β-lactoglobulin gels[END_REF] produced an emulsion containing α-tocopherol stabilized by an interfacial layer formed by the calcium-induced cold-set gelation of pre-denatured β-LG. After in vitro enzymatic digestion of the encapsulating devices, the authors showed that the release of the bioactive is mainly controlled by the kinetics of protein hydrolysis. In addition, α-tocopherol released during the digestion process is degraded more slowly than free α-tocopherol, probably due to the protection effect provided by its interaction with the pre-denatured proteins and/or produced peptides [START_REF] Liang | In vitro release of α-tocopherol from emulsion-loaded β-lactoglobulin gels[END_REF]. Cornacchia and Roos [START_REF] Cornacchia | Stability of beta-carotene in protein-stabilized oilinwater delivery systems[END_REF] used whey proteins to stabilize oil in water emulsions to produce delivery systems capable of protecting and transporting β-carotene. Similarly, Tippetts et al. [START_REF] Tippetts | Fortification of cheese with vitamin D3 using dairy protein emulsions as delivery systems[END_REF] produced emulsions stabilized with whey proteins to generate stable delivery systems for vitamin D3-enriched cheeses.

Supra-molecular structures with putative encapsulation properties

In addition to the production of the encapsulation devices presented above, whey proteins can spontaneously form a large variety of supramolecular structures under specific physicochemical conditions. The supramolecular structures differ in geometry, size and porosity. The main factors that drive the final structure are: protein conformation and concentration, pH, temperature, ionic strength and the presence of small solutes [START_REF] Bouhallab | Spontaneous Assembly and Induced Aggregation of Food Proteins[END_REF]. The supramolecular structures described in the literature are mainly fibrils [START_REF] Loveday | β-Lactoglobulin nanofibrils: Effect of temperature on fibril formation kinetics, fibril morphology and the rheological properties of fibril dispersions[END_REF], ribbons [START_REF] Lara | General self-assembly mechanism converting hydrolyzed globular proteins into giant multistranded amyloid ribbons[END_REF], spherulites [START_REF] Domike | Investigating the inner structure of irregular beta-lactoglobulin spherulites[END_REF],

nanotubes [START_REF] Graveland-Bikker | Unique milk protein based nanotubes: Food and nanotechnology meet[END_REF] and microspheres (obtained by heteroprotein complex coacervation) [START_REF] Nigen | Temperature affects the supramolecular structures resulting from alpha-lactalbumin-lysozyme interaction[END_REF][START_REF] Nigen | Formation and stability of alphalactalbumin-lysozyme spherical particles: Involvement of electrostatic forces[END_REF] (Figure 2.5).

Amyloid-type fibrils are linear polymers that are between 3 and 10 nm in width, and can reach several microns in length [START_REF] Loveday | β-Lactoglobulin nanofibrils: Effect of temperature on fibril formation kinetics, fibril morphology and the rheological properties of fibril dispersions[END_REF]. The formation of fibers involves two steps: nucleation and subsequent unidirectional growth [100]. The ability to form fibers has been described for β-LG [START_REF] Loveday | β-Lactoglobulin nanofibrils: Effect of temperature on fibril formation kinetics, fibril morphology and the rheological properties of fibril dispersions[END_REF] and α-LA [101]. Specific physico-chemical conditions are generally required to initiate fibrillation; the proteins have to contain exposed hydrophobic regions and to conserve some surface charges [START_REF] Bouhallab | Spontaneous Assembly and Induced Aggregation of Food Proteins[END_REF]. In addition, the fibrillation process is favored by the cleavage of some peptide bonds [102]. These fibers can further self-associate into more complex structures, e.g., ribbons and spherulites. Ribbons are the result of the lateral stacking of these fibers and are usually obtained after the prolonged heating of globular proteins under acidic conditions [START_REF] Lara | General self-assembly mechanism converting hydrolyzed globular proteins into giant multistranded amyloid ribbons[END_REF].

Alternatively, spherulites are formed by the radial association of the fibers, a structure that can reach hundreds of micrometers in diameter [START_REF] Domike | Investigating the inner structure of irregular beta-lactoglobulin spherulites[END_REF].

The formation of nanotubes from whey proteins is less widespread than the formation of fibers or aggregates. To date, whey protein nanotubes have only been obtained by the self-assembly of α-LA fragments formed by limited hydrolysis of the protein backbone by a serine protease [START_REF] Graveland-Bikker | Unique milk protein based nanotubes: Food and nanotechnology meet[END_REF]. Regular nanotubes with a length up to several microns, an external diameter of 20 nm and an internal diameter of about 8 nm can be obtained by adjusting the protein concentration, the concentration of added specific divalent cations and hydrolysis conditions [START_REF] Graveland-Bikker | Unique milk protein based nanotubes: Food and nanotechnology meet[END_REF]. It was suggested that the reversible association of α-LA into nanotubes could be explored as vehicles for delivering bioactives and for encapsulation and release purposes [103].

The spontaneous formation of nano-and microspheres was reported by complex cocervation between oppositely charged proteins [START_REF] Bouhallab | Spontaneous Assembly and Induced Aggregation of Food Proteins[END_REF]. The formation of coacervates (microspheres) betweeen positively charged lysozyme (LYS) and negatively charged α-LA and the underlying mechanisms are now well described [START_REF] Nigen | Temperature affects the supramolecular structures resulting from alpha-lactalbumin-lysozyme interaction[END_REF][START_REF] Nigen | Formation and stability of alphalactalbumin-lysozyme spherical particles: Involvement of electrostatic forces[END_REF]. More details will be given below.

Although several authors have indicated that these supra-structures could be of potential interest as encapsulation agents, there are almost no publications dealing with the effectiveness of such applications [4]. This new research area of controlled assembly, involving heteroprotein complex coacervation, offers new opportunities to develop innovative, reversible and versatile vehicles to encapsulate bioactive or sensitive ingredients. Several theoretical models have been developed to describe the complex coacervation between oppositely charged macromolecules; nevertheless none of these models is able to perfectly predict the phenomenon [114,115]. First Voorn [116] explained the spontaneous coacervation between macromolecules as a competition between the attractive electrostatic component and the unfavourable entropic component [116,117]. This model was adapted by Sato and Nakajima [118] to take into account the effect of the solute/solvent interaction initially neglected in the parent model.

Chronologically, the second model proposed was the "Symmetrical Aggregate Model" by Veis et al. [119]. These authors described the complex coacervation between oppositely charged macromolecules in two steps: (i) spontaneous formation of heterocomplexes by electrostatic interactions presenting small conformational entropy and (ii) Rearrangement of the heterocomplexes by the conformational entropy gain, leading to the formation of the coacervates. Afterwards, this model was adapted by Tainaka [120] to take into account the presence of counterions and their important entropic contribution, effects that were initially neglected [120,121]. These last authors also extended the model, applying it to the complex coacervation of unsymmetrical heterocomplexes (i.e. formed by polyions presenting different sizes and charges). It is assumed today that the model proposed by Tainaka, although still not perfect, better relates the complex coacervation of polyions [114].

More recently Veis [122] revisited and completed his initial model to take into account a possible excess of charge or a disequilibrium of molecular size between the two polyions. The author proposed that the heterocomplexes forming the coacervates could be symmetrical or

Lactoferrin and β-lactoglobulin complex coacervation

RESULTS AND DISCUSSION -CHAPTER 1 knowledge, this is the first study evidencing selective coacervation between two oppositely charged globular proteins originated from subtle amino acid substitution. Dubin and co-workers have already reported selective coacervation of the two β-LG isoforms with both a cationic gold nanoparticle -TTMA [149] and a linear cationic polyelectrolyte -PDADMAC [START_REF] Xu | Protein Purification by Polyelectrolyte Coacervation: Influence of Protein Charge Anisotropy on Selectivity[END_REF]. In both cases, lower onset pH value for complexation and stronger binding affinity to cationic species were found for β-LG A. Based on simulated electrostatic potential around each isoform, the authors attributed the selective binding of cationic molecules to β-LG A to the presence of additional aspartate in the negative domain of β-LG. Similarly, difference in charge anisotropy could explain the preferential coacervation of LF with isoform A of β-LG observed here.

Combined together, these results confirm and reinforce those disclosed for LYS/α-LA, other couple of globular proteins that showed experimentally (NMR) [131] and theoretically (Monte Carlo simulations) [150] that anisotropic electrostatic interactions are important for driving protein self-assembly into coacervates.

Unlike the systems described by Dubin and co-workers, the selective coacervation of LF with the two β-LG isoforms we observed here at macroscopic scale was not confirmed quantitatively at molecular level by ITC measurements. In fact, the interactions of β-LG isoforms with the TTMA and PDADMAC were found to be endothermic with systematically larger binding constant for β-LG A [START_REF] Xu | Protein Purification by Polyelectrolyte Coacervation: Influence of Protein Charge Anisotropy on Selectivity[END_REF]149]. Inversely, the binding of LF to the two β-LG isoforms is an exothermic enthalpy driven process with pronounced entropic contribution at both studied pHs.

The exothermic nature of the binding indicate the predominance of favorable electrostatic interactions as generally found during complexation of oppositely charged protein and polyelectrolyte systems [151]. We failed to detect any difference between β-LG isoforms as their interaction with LF showed similar complex ITC profiles at both pHs in the used buffering conditions. The measured enthalpy (∆H) values and derived binding constants at given pH are comparable suggesting that the interactions are rather of similar nature. The slightly higher initial ΔH value at pH 5.50 versus pH 5.75 is probably due, from an enthalpic point of view, to the stronger electrostatic attraction of β-LG molecules by more positively charged LF. Also, the negative Gibbs free energy (ΔG) values (≈ -10 kcal mol -1 ) support the spontaneous character of the initial interaction between LF and β-LG isoforms.

The interaction β-LG -LF shows a complex binding isotherm with an uninterpretable, nonisoenthalpic region between two visual steps characteristic of at least two different events, with the occurrence of an atypical shoulder (Figure 3.5). The observed shoulder is not due to bufferrelated energetic contribution since it occurred also when titration experiment was conducted in water (result not shown). A two-steps complexation (biphasic isotherm) has been reported for the formation of β-LG -pectin coacervates [152]. For this system, the two steps were assigned to the formation of intrapolymer soluble complexes followed by their aggregation in interpolymer complexes. The occurrence of these types of structures during our ITC experiments seems unlikely because the ITC stoichiometry values deduced for the two steps are much lower than those required for LF/β-LG coacervation (Figure 3.2). Consequently, the two ITC steps are fitted as indicative of two independent binding sites of β-LG on LF (Table 3.1).

Accordingly, oligomers with 2 β-LG molecules per LF were formed during the titration experiments. This result is not without consequence on the mechanism of interaction/coacervation between LF and β-LG as discussed below.

Coacervation of lactoferrin -β-lactoglobulin

Apart from the present study, two other research groups have worked on the coacervation process of lactoferrin/β-lactoglobulin system. The results were published recently by Yan et al.

[139] in October 2013 and by Anema and de Kruif [140] available online in June 2014 at the time of writing this article. Table 3.2 summarizes the main results of the three studies. Although the system is nominally the same, the comparison reveals important differences that could be

Proposed mechanism

The presence of [LF(β-LG2)2] as part of the coacervate phase discussed above does not mean that LF interact initially with dimeric form of β-LG. ITC data are rather in favor of an initial binding of two β-LG monomers on two distinct sites of LF leading to the formation of a first entity LF(β-LG)2. Combining our quantitative, macroscopic and ITC results with those already published, we may summarize the interaction/coacervation process between LF and β-LG as follows, see Figure 3 Further increase of β-LG concentration leads to gradual increase of β-LG/LF molar ratio in the coacervate until a value of 8. This result is rather unexpected since this ratio would be constant if we consider charge compensation and charge balance effects. Similar finding was reported for coacervates formed between polysaccharides and either β-LG [154] or isolate of whey proteins [155]. It was attributed to a charge adjustment due to the high flexibility of coacervate systems originated from mass action effect which led to the phase separation of the molecule initially in large excess. At very high total protein concentration, self-suppression of coacervation occurs with a transition from coacervates to aggregates. Suppression of β-LG -LF coacervation above a total protein concentration of 50 g L -1 at fixed protein weight ratio of 1 was also reported [139]. The disappearance of coacervates above a critical polymer concentration is well described for polyelectrolyte systems and is well predicted by successively modified coacervation theory including Tainaka theory (for details see Burgess [114]).

experiments failed to reveal any difference between LF and the two β-LG isoforms. The interactions involve at least two sequential steps that were fitted as two independent binding sites. However, further studies are needed to better understand the thermodynamic events behind the interaction and coacervation between these two oppositely charged proteins. Also, we intend to further scrutinize the driving force for selective coacervation of β-LG isoforms with LF and other basic proteins. In particular, as protonation/deprotonation of buffer molecules contribute to the overall enthalpy, ITC experiments in other buffers may help to better understand the selective complexation of LF with the two β-LG isoforms.
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Introduction

The demand for products that enhance consumers' health and well-being is increasing throughout the world. Consumer demand for such products provides substantial challenges for the food sector as it aims to propose bioactive molecules in the form of functional foods.

Producing such functionally-enhanced products is not without obstacles because of the high sensitivity of bioactive molecules to the conditions applied during food processing, formulation and storage. Despite the relatively small quantities of bioactive molecules required by the body, the challenge is to find specific and adapted formulations for effective delivery of native soluble bioactive molecules (micronutriments, nutraceuticals). Many research groups have therefore explored the possibilities of using food proteins as carriers due to their high affinity for small bioactive molecules [174]. β-lactoglobulin and serum albumin, natural ligand binding proteins from cow's milk, are the most extensively studied proteins as carriers for several bioactive molecules, including polyphenols [175]; fatty acids [176]; aroma [START_REF] Tavel | Interactions between aroma compounds and β-lactoglobulin in the heatinduced molten globule state[END_REF] and vitamins [177]. Most of these studies have been carried out at physiological pH, i.e. neutral. Among bioactive molecules, the vitamin B family has always received considerable attention owing to its crucial biological role. Folic acid (FA), currently known as vitamin B9, is essential for several human body reactions and is thus an essential dietary component. FA is a co-enzyme in carbon metabolism pathways, including the biosynthesis of several amino acids, and is effective in decreasing the risk of several diseases [178]. Because of its physiological functions, and since humans cannot synthesize folates, there is a need to develop fortified foods and drinks.

However, from a technological point of view this is not always easy because of the poor solubility and the precipitation of FA. Although hydrophilic and negatively charged, FA is poorly soluble at acidic pH [179]. This limits the use of this vitamin for food fortification, particularly acidified drinks.

We hypothesized that lactoferrin, a positively charged milk protein, could interact efficiently with FA under acidic pH conditions and could thus improve its solubility and its subsequent bioavailability.

Lactoferrin (LF) is an iron-binding glycoprotein with 689 amino acids and a molar mass of about 83 kDa. LF is folded into two symmetrical lobes (the N-lobe and C-lobe), which are highly homologous to each other. The two lobes are connected via a hinge region which confers flexibility to the folded molecule [START_REF] Garcia-Montoya | Lactoferrin a multiple bioactive protein: an overview[END_REF]. LF is one of small number of proteins that carries a net positive charge at neutral and acidic pH (pI of 8.6-8.9). The charge distribution on the surface of LF is uneven, with some highly positive patches on the N-lobe and the interlobe region [START_REF] Baker | A structural framework for understanding the multifunctional character of lactoferrin[END_REF].

LF is a multifunctional protein with immunomodulatory, antimicrobial and antioxidant properties [START_REF] Garcia-Montoya | Lactoferrin a multiple bioactive protein: an overview[END_REF].

In the present study, we investigated the ability of positively charged LF to form a complex with negatively charged FA at pH 5.5 with view to designing a natural carrier for FA.

Material and Methods

Reagents and Solutions

Bovine lactoferrin (LF, purity 90% and iron saturation level 10 -20% according to the manufacturer's specifications) was purchased from the Fonterra Cooperative Group, New Zealand. Folic acid (FA, purity ≥ 97%) was purchased from Sigma-Aldrich (Sigma Aldrich, St.

Louis, MO, USA). Sodium citrate (tri-sodium citrate dehydrate, purity 99%) was purchased from Carlo Erba reagents (Val de Reuil, France). MES hydrate was purchased from SigmaAldrich and all other chemicals were from VWR (Radnor, PA, USA). LF solutions were prepared by solubilizing the protein powder in 10 mM MES buffer with or without 50 mM NaCl. The solutions were adjusted to pH 5.50 with 1 N HCl and then filtered through a 0.2 µm pore-size membrane (Cat. No. 4612, Pall Corporation, Ann Arbor, MI, USA).

The final LF concentration was determined by measuring the absorbance at 280 nm (SAFAS UV MC2, Safas, Monaco) using 1.47 L g -1 cm -1 as extinction coefficient.

FA stock solution was prepared by dispersing 1.0 mM of FA in deionized water at pH 11. After filtration through a 0.2 µm pore-size membrane (Cat. No. 4612, Pall Corporation, Ann Arbor, MI, USA), the solution was adjusted to pH 5.50 with 1 N HCl and then filtered through a 0.02 µm pore-size membrane (Cat. No. 6809-2002, Whatman, Germany). Final FA concentration was determined using the extinction coefficient value of 25100 M -1 cm -11 at 283 nm [180]. Stock solution of 2 mM sodium citrate was prepared by solubilizing the tri-sodium citrate dehydrate powder in 10 mM MES buffer pH 5.5.

Isothermal titration calorimetry (ITC)

A VP-ITC microcalorimeter (Microcal, Northampton MA) was used to assess the energy of the binding of FA or sodium citrate to LF at various temperatures from 20°C to 32°C. LF solutions ranging from 0.01 to 0.06 mM, and stock solutions of FA and sodium citrate, were degassed under vacuum before titration experiments. The reference cell was filled with 10 mM MES buffer, pH 5.50, and the sample cell (1.425 mL) was filled with LF solution. LF was titrated with 58 successive injections of 5 µL FA (or sodium citrate). Each injection lasted 10 s with an interval of 200 s between consecutive injections in order to reach thermodynamic equilibrium.

During titration, the solution in the sample cell was stirred at 310 rpm to ensure complete homogeneity. For each ITC experiment, a reference titration was performed by titrating FA (or sodium citrate) solutions directly into 10 mM MES Buffer. The FA (or sodium citrate) dilution data (reference experiment) were subtracted from the experimental data using Origin 7.0 software. The area under each injection peak was plotted as a function of the FA/LF (or citrate/LF) molar ratio.

Quantification of free and bound FA

A series of solutions of FA and LF with FA/LF molar ratios ranging from 0 to 15 were prepared by mixing appropriate volumes of FA stock solution with a fixed volume of LF solution (0.01 mM). After 10 min equilibration, free and LF-bound FA were separated by centrifugation at 28000g for 10 min (Heraeus Biofuge Primo, Thermo Scientific, Waltham, MA, USA) using a 10 kDa pore size membrane separator (vivaspin, Sartorius, Germany). Control experiments showed that LF was totally retained while FA crossed the membrane freely (permeate compartment) in the absence of LF, indicating the absence of non-specific interaction between FA and the membrane. FA concentrations in the initial mixtures [FA] and in the permeate compartment after centrifugal separation [FA free] were determined by reversed-phase highperformance liquid chromatography (RP-HPLC). Briefly, FA was separated on a LiChrospher 100 RP-18 column (Art. 1509430001, Merck, Darmstadt, Germany) connected to a Waters 2695 HPLC system. FA was eluted at a flow rate of 0.4 mL min -1 using an isocratic gradient of Acetonitrile/milli-Q water 40/60 (v/v) containing 100 µL/L of 1M NaOH and quantified by The FA-LF binding isotherm exhibited a complex profile far from that classically obtained for an exothermic ligand/protein interaction that is characterized by a continuous decrease in the heat released until total saturation of the binding site(s). This was the case for the citrate-LF interaction chosen as the comparative example in the present work (Figure 4.16, Supporting Information). The FA-LF binding isotherm evidenced three distinct zones in the range of the FA/LF molar ratio investigated. The first zone, below an FA/LF molar ratio of 5, was characterized by a continuous decrease in the exothermic signal. The second zone, between FA/LF molar ratios of 5 and 10, exhibited an opposite trend with an increase in the exothermic signal throughout the titration. Finally, the third zone where the exothermic signal decreased by increasing the FA/LF molar ratios from 10 to 20, a ratio at which saturation was reached. Given the complexity of the binding isotherm, the thermodynamic parameters for the FA-LF interaction could not be determined by the classical fitting models.

The complexity of the FA-LF binding isotherm was not linked to the iron saturation level of LF, as the same profile was obtained by substituting our LF sample (~ 15% saturation) by either fully iron-saturated (holo-LF) or iron-depleted (Apo-LF) forms (data not shown). The profile observed seemed to be specific to the FA-LF interaction, as the interaction of LF with citrate (another negatively charged ligand) showed a simple, classical ITC profile with well-defined interacting parameters (see Figure 4.16, Supporting Information).

Influence of physicochemical parameters on FA-LF interaction

We investigated the influence of three physicochemical parameters: temperature, LF concentration ([LF]) and ionic strength on the FA-LF binding isotherm, to understand the rather complex ITC profiles. Figure 4.8A shows the binding isotherms obtained during titration of the FA solution into LF (0.01 mM) at 20°C, 25°C and 32°C. In this temperature range, the FA-LF binding isotherms exhibited slight but significant temperature dependence. The titration profiles exhibited the same three zones as described above. However, the temperature affected the slope of the first zone; the transition between zone 1 and zone 2, and between zone 2 and zone 3, occurred at the same FA/LF molar ratios but the intensities of the exothermic signals were lower at higher temperatures. The slope of zone 2 was unchanged although slightly shifted to a higher FA/LF molar ratio when the temperature increased. The three binding isotherms overlapped in the third zone and converged to the same plateau value at the end of the titration. With increasing LF concentrations, the slope of zone 1 decreased and the transition between zone 1 and zone 2 occurred at a lower FA/LF molar ratio. Similarly, the slope of zone 2 was unchanged but the transition from zone 2 to zone 3 was more exothermic at higher [LF]. Both binding isotherms tended to overlap in zone 3. All the events observed involved in the interaction between LF and FA were completely abolished in the presence of 50 mM NaCl (flat isotherm). and 2 in the experimental binding isotherm, and therefore zone 1 on the ITC profile would correspond mainly to the energy contribution of FA binding to LF (see below), while zones 2 and 3 would represent the overlap of the energy contributions of the binding of FA to LF and the self-association of complexes. A model based on the algorithm shown in Figure 4.11 was constructed to describe FA binding and subsequent self-association of FA-LF complexes, assuming that complete saturation of the LF binding site is required for self-association. FA-LF binding parameters from the Scatchard plot were used to model the energy contribution of FA binding to LF. The energy contribution of LF self-association induced by FA was achieved by simulation of the fraction of LF able to self-associate at each injection during ITC titration. The interaction enthalpy (cal mol -1 of bound FA) and the selfassociation enthalpy (cal mol -1 of saturated LF) were subsequently determined. More details are given in Supporting Information.

was obtained for the injections in zone 1 (FA/LF molar ratio between 0 and 5). At FA/LF molar ratios higher than 5, this value strongly diverged, confirming that the energy release in zone 1 (FA/LF molar ratio < 5) was mainly due to the binding step, with negligible contribution from LF self-association. At the end of zone 1, LF molecules were not saturated by FA. The contribution of the enthalpy of the binding of FA to LF was then extrapolated to the whole binding isotherm (zones 2 and 3) by multiplying the calculated fraction of FA bound to LF per injection by the number of calories released per mole of bound FA. The expected theoretical binding isotherm generated by FA binding, without the occurrence of other events, is shown in 

Deduction of the energy contribution of the self-association step

The theoretical energy contribution of the self-association of saturated LF was obtained by multiplying the quantity of saturated LF per injection (mol of LF saturated) by an enthalpy of selfassociation (cal mol -1 LF saturated). The theoretical energy contribution best fitted the experimental binding isotherm when an enthalpy of self-association of 98 kcal mol -1 LF saturated was applied. A binding enthalpy of -6,750.4 ± 170.1 cal mol -1 of FA, not statistically different from that determined for [LF] of 0.01 mM, was calculated. Using the same enthalpy of self-association determined above, a good adjustment between experimental and theoretical isotherms was observed, validating the proposed model. ΔS of -2.5 10 -4 kcal K -1 mol -1 were deduced using the equation: ΔG° = ΔH -T ΔS = -R T ln Ka.

The negative value for free energy indicates a spontaneous process, that is enthalpy driven, with strong participation of electrostatic interactions, as indicated by the effects of ionic strength on the ITC results and a very small unfavorable entropic contribution. Usually exothermic binding processes exhibit a decrease in Ka with increasing temperature [168,185]. This is concordant with the temperature-dependent increase in the slope of zone 1 of the experimental binding isotherms (Figure 4.8A). However, the decrease in Ka observed in the temperature range tested was rather low, as also found for the FA-BSA binding [168]. The energy gap observed in zone 2 and at the transition between zones 2 and 3 of the experimental binding isotherms shown in The model also accounted accurately for the energy contribution of the subsequent selfassociation step. The self-association enthalpy of saturated LF (-98 kcal mol -1 ) was about 15 times higher than the enthalpy of FA binding (-6.8 kcal mol -1 ). However, as 10 molecules of FA were required to saturate 1 molecule of LF to form nanoparticles, FA binding contributed to approximately 40% of the energy released compared to 60% for self-association of FA/LF complexes.

Although the proposed binding/self-association model for FA/LF exhibited good fitting to ITC data overall, some discrepancies should be noted. First, the model and experimental curves matched well except at the transition between zones 1 and 2, which could be attributed to the small differences between the experimental evolution of the [LF saturated] and the fit shown in Secondly, calculation of the enthalpy related to the binding disregarded any potential energy contributions of FA-induced conformational changes in LF. Other authors have reported small conformational changes in BSA induced by FA [168]. These conformational changes might explain the non-perfect matching of the theoretical and experimental binding isotherms in zone 1. Finally, we assumed a thermodynamically equivalent set of binding sites on LF. The potential occurrence of two or more sets of binding sites might affect the theoretical binding isotherms in zone 1 and at the transition between zones 1 and 2.

Specific features of FA-LF nanoparticles

The interaction of FA with LF at pH 5.5 exhibited a unique and specific binding self-association mechanism. A classical binding profile of FA to other proteins at neutral pH without subsequent aggregation has been reported for β-lactoglobulin and serum albumin [START_REF] Liang | Beta-lactoglobulin/folic acid complexes: formation, characterization, and biological implication[END_REF]168]. On the other hand, ligand-induced protein aggregation has been mainly found for a family of polyphenols, i.e. epigallocatechin gallate (EGCG). EGCG-mediated aggregation was reported for LF [167] and likewise for β-casein and a salivary proline-rich protein [186,187]. Two main points illustrate the specificity of the FA-LF interaction mechanism: i) The initial binding step of FA to LF and the FA-LF nanoparticles formed are highly sensitive to ionic strength, underlying a

Conclusion

We demonstrated that folic acid interacts with lactoferrin at pH 5.5 to form stable, slightly positively-charged nanoparticles with a finite size of about 16 nm. The binding parameters suggest that LF binds tightly ten FA molecules per molecule through an exothermic process, with a Ka value in the order of 10 5 M -1 . This result supports our hypothesis concerning the fact that lactoferrin, a positively-charged protein, is a good putative carrier for FA below neutral pH.

The FA-LF interaction and the stability of the nanoparticles are highly sensitive to ionic strength.

We were able to elucidate a two-step mechanism in the formation of such nanoparticles by successfully modeling the ITC signal. FA binds to LF until saturation (step 1), generating "reactive" complexes able to self-associate into nanoparticles (step 2). The enthalpy associated with these two successive steps was deduced by combining experimental and theoretical calculations. Small angle X-ray and static light scattering experiments are in progress to determine the structure of FA-LF nanoparticles. These nanoparticles provide an opportunity to develop a novel ingredient that maintains FA solubility and bioaccessibility at acidic pH. A simple calculation determined from the binding stoichiometry indicates that up to 55 mg FA/g LF can be solubilized. However, for potential applications, future research should focus on the stability of FA-LF nanoparticles in formulated food products.
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Even for the application of the coacervates for the encapsulation purposes, the study of controlled protein conformational changes on the interaction of the proteins small ligands and their impact on the complex coacervation is of high interest. The interaction between proteins and bioactive compounds is dependent on the conformational state of the proteins [4] and may be a tool to increase the encapsulation efficiency of bioactives. Definitely, the complex coacervates of heteroproteins are promising encapsulation devices allowing the development of safe and durable food systems, as demanded by the consumers. However, despite the good results at laboratory scale, the up-scaling of laboratory results at pilot scale in this field remains a research challenge.
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