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« Rien de grand ne s'est accompli sans passion » Hegel The side chains of the amino acids R can be reactive in particular lysine and cysteine (Walstra et al., 1999) (b) α-Helix structure (Garrett and Grisham, 2008) (c) schematic representation of the three-dimensional structure of βlactoglobulin. Disulphide bonds are represented in yellow and individual β-strands forming β-sheets are identified with a letter [START_REF] Ikeguchi | Transient Non-Native Helix Formation during the Folding of β-Lactoglobulin[END_REF]. Nicolai and Durand (2013). Strands are produced under high electrostatic repulsion between proteins (above or below the pI at low ionic strength), whereas spherical particles are produced under attractive condition between proteins (at the pI, or above or below the pI at high ionic strength). 3 Examples of protein solutions reconstitued at (a) 50 g/L 1 untreated β-lg ; 2 untreated WPI ; 3 L WPI pH 3.5 0 h aw 0.23 ; 4 L WPI pH 3.5 125 h aw 0.23 ; 5 sodium caseinate (b) and 2 g/L 1 L WPI pH 3.5 0 h aw 0.23 ; 2 L WPI pH 3.5 125 h aw 0.52 ; 3 D WPI pH 5.0 125 h aw0.52 ; 4 L WPI pH 6.5 125 h aw 0.23 ; 5 D WPI pH 3.5 125 h aw 0.52 ; 6 L WPI pH 6.5 125 h aw 0.52 ; 7 L WPI pH 5.0 125 h aw 0.52 [START_REF] Berry | Measurement of surface and interfacial tension using pendant drop tensiometry[END_REF] Fig. III.6 Representation of periodic strain corresponding to surface area and stress response corresponding to interfacial tension Fig. III.7 Cross-section of double wall-ring geometry for interfacial shear rheometer [START_REF] Vandebril | A double wall-ring geometry for interfacial shear rheometry[END_REF]. In our work, liquid 1 is a protein solution and liquid 2 corresponds to the ambient air. 2) and (3) were control samples. Sample (1) underwent only the precipitation at pH 4.6. Besides the precipitation, (2) was freeze-dried at pH 3.5 and (3) at pH 6.5. D samples have a 10 times lower lactose content than L samples which keep their native lactose content. show two different foams sharing the same parameters (0 h, D, aw 0.52) except their pH prior to dehydration, pH 5.0 and pH 3.5 respectively. The exponent α or drainage rate is represented by a dashed line at e03 as an example. Fig. IV.5 Factorial maps of scores on PC2 vs PC1 of non dry heated samples (42 samples among the 143 used to perform the PCA) represented according to their aw (a) or pH (b). Each circle corresponds to one foam, and the filling colour depends on the value of the indicated parameter. The size of the circles figures the individual projection quality on the map: the larger the circle, the better the projection. Control samples without aw adjustment are represented by numbers surrounded by a black circle, as detailed in section 1.2.2.1. Samples A, B, C, and D are imaginary samples reconstituted as explained in the text (section 1.3.1). (b). A and B (C and D, respectively) are located at plus or minus twice the standard deviations from the mean sample score on PC1 (PC2, respectively), as explained in the text (section 1.3.1).

Fig. IV.8

Graphical representations of values predicted by the model for scores on PC1 as a function of pH and heating time at aw 0.52 with (a) a reduced amount of lactose "D" and (b) the initial amount of lactose "L". Each cell is coloured according to the predicted score on PC1. The higher the predicted score on PC1 the higher the foam stability. Greyed cells correspond to missing estimations due to the fractional experimental design. Fig. IV.9 Graphical representations of values predicted by the model for scores on PC2 as a function of aw and heating time at pH 6.5 (a) and pH and heating time at aw 0.52 (b). Each cell is coloured according to the predicted score on PC2. The higher the predicted score on PC2 the higher the foam stability at the top of the foam. Greyed cells correspond to missing estimations due to the fractional experimental design. Fig. IV.10 Graphical representation of the model predictions for PC1 of the PCA performed on the complete factorial design at pH 3.5, as a function of lactose content and dry-heating time at aw 0.52 and pH 3.5. Each cell is coloured according to the predicted score on PC1. The higher the predicted score on PC1 the higher the foam stability.

Fig. IV

.11 log-log plot of the liquid fraction of WPI foams as a function of time at electrode e03. Foams share the same experimental conditions (L, pH 3.5, aw 0.23, 2 g/L, dialysed) except their dry-heating time, 0 h and 125 h in blue and red respectively. Repetitions for each set of conditions are plotted. Fig. IV.12 Interfacial shear moduli for a same WPI powder reconstituted at 2.0 g/L with (i) deionised water and successively dialysed against deionised water (the same condition to make the foams) (in black), or (ii) with a 100 mM NaCl. Both are adjusted to pH 7.0 before the measurement Fig. IV.13 Interfacial shear moduli for different WPI powders reconstituted at 2.0 g/L with 100 mM NaCl and adjusted to pH 7.0 before the measurement. WPI solutions share the same experimental conditions (pH 3.5, aw 0.52), except their dry-heating time and their lactose content. (c, d). Black, blue, and red curves correspond to untreated samples, preconditioned samples and dry-heated samples respectively. Dark blue and red curves correspond to pH 3.5 whereas light blue and red curves correspond to pH 6.5. 

Chapter I General introduction and strategy 1. Industrial context

The incorporation of gas into a product ensures textural and sensory characteristics such as smoothness, firmness and spreadability (Kinsella, 1981). However, most aerated dairy products are also emulsified such as aerated yoghourt, ice-cream, whipped cream, cream cheese, cappuccino foam, dairy desserts [START_REF] Campbell | Creation and characterisation of aerated food products[END_REF][START_REF] Adhikari | Use of gases in dairy manufacturing: A review[END_REF], except meringue, which are prepared with only defatted whey protein (Wit, 1998). In the general case, various strategies are adopted to increase the foam lifetime or change their mechanical properties:

-the solidification of the continuous phase (ice crystals or gelation by proteins or hydrocolloid) [START_REF] Campbell | Creation and characterisation of aerated food products[END_REF]Murray and Ettelaie, 2004;Burey et al., 2008;Matsumiya and Murray, 2016;Dickinson, 2017) -the partial fat crystallisation and the balance between agglomerated free fat and fat globule (Gaupp and Adams, 2007) -the choice of the emulsifier nature (LMW surfactants), for instance, sucrose esters such as sucrose laurate are more effective than other emulsifiers due to their hydrophilic character and medium hydrophilic lipophilic balance value (Nelen and Cooper, 2007) -the choice of proteins (whey proteins or caseins, modified or not) [START_REF] Sajedi | Effect of modified whey protein concentrate on physical properties and stability of whipped cream[END_REF][START_REF] Suthar | High Protein Milk Ingredients -A Tool for Value-Addition to Dairy and Food Products[END_REF].

In this context, my thesis is part of a project called PROFIL, which gathered a consortium of dairy manufacturers (Bretagne Biotechnologie Alimentaire, BBA) and academic researchers on scientific and technological stakes from dairy industry. My thesis aims at the stabilisation of foams by the structuration of the air/water interface with dairy proteins. Indeed, dairy proteins could offer a wide range of technological functionality and are used in many food applications (dairy and other food products such as bakery, beverages, chocolate, soups, sauces, meat etc.) (Ortega-Requena and Rebouillat, 2015;[START_REF] Suthar | High Protein Milk Ingredients -A Tool for Value-Addition to Dairy and Food Products[END_REF]. The main milk protein ingredients such as caseinates, whey protein concentrates and isolates or milk protein concentrates are illustrated in Fig. I.1. In this thesis, we worked on a whey protein isolate (WPI) powder (>90 % proteins) mainly composed of βlactoglobulin (β-lg), α-lactalbulmin (α-la) and lactose on the one hand, and purified β-lg on the other hand.

The main outlooks are the production of high protein tailor-made ingredients in order to replace or limit the using of some additives, and to find some technological levers useful for different product applications such as whipped creams, dairy desserts or cream cheese. 

Strategy and research question

The gas-water interface properties, through protein adsorption, are sensitive to protein structure. Our hypothesis is that slight protein structural changes can greatly modify the interfacial properties and the foam stability [START_REF] Pezennec | The protein net electric charge determines the surface rheological properties of ovalbumin adsorbed at the air-water interface[END_REF]Cascão Pereira et al., 2003a;[START_REF] Zhang | et d'agrégations spécifiques lors de l'étuvage et du pré-conditionnement du WPI à pH 3,5. Il serait intéressant de comparer le comportement du WPI étuvé à pH 3,5 et pH 6,5 par la méthode de balance de film[END_REF]. Such an apparent discrepancy between the low extent of protein structure changes and dramatic changes in interfacial properties was observed, for example on lysozyme, an egg-white protein, by Desfougères et al. (2011).

Dry-heating of whey protein powder is a way to slightly change whey protein interfacial properties.

Indeed, due to the low water activity aw of powders, proteins are more stable as regards heat denaturation in the powder state. Thus, in comparison with heating of liquid solutions, dry-heating of protein powders is a way to disjoin proteins denaturation and aggregation and also to obtain different protein structural modifications (Desfougères et al., 2011a;Gulzar et al., 2012;Povey et al., 2009).

Although foams share common properties with emulsions, the long-term stability is more difficult to achieve for aerated systems than for emulsions, due to the higher energy of gas-water interface, the higher bubble size, and the lower density of bubbles (Dickinson, 2010). Thus, understanding the factors governing the foam properties is also important from the perspective of product development.

The study of interfacial properties through tensiometry and interfacial rheology are thought to be of high interest for a better understanding of foam properties. However, the characterisation of a single planar interface is not always sufficient, due to the involvement of foam dynamics (Wang et al., 2016).

Thus, there is a need for studies on film dynamics during bubbles rearrangements. Indeed, film dynamics are involved in foam stability as well as foam rheology [START_REF] Biance | How Topological Rearrangements and Liquid Fraction Control Liquid Foam Stability[END_REF]Dollet and Raufaste, 2014). -what are the consequences of processing on foam properties with regard the complexity of the protein samples, i.e. protein mixture or purified proteins? To answer these questions, a strategy was set up (Fig. I.3). This thesis is focused on aqueous foams stabilised by protein. A whey protein isolate (WPI) powder and purified β-lg were used. In order to obtain a broad variety of structural changes, a screening of various dry-heating parameters was performed on WPI powders. The parallel identification of structural changes and characterisation of the foam stability aims at shedding light on relevant dry-heating conditions. Then, interfacial properties, film dynamics, foam stability and bulk foam rheology were measured for both WPI and βlg samples under these conditions.

In general, measurements of protein foam stability integrate all the instability mechanisms in a global stability such as the time at which the first drop drained or the cumulative weight of drained liquid as a function of time (Nicorescu et al., 2011). In this work, we developed original methodologies to better characterise the protein foam properties by transposition of a foam physics approach. We also chose a multifactorial approach thought the variety of dry-heating parameters studied, and the sample composition, mixture or purified proteins. Thus, a wide variety of protein structure modifications can be simultaneously studied.

The thesis manuscript includes the following parts:

-the first chapter of the manuscript introduces the main notions and concepts -the second chapter presents the Materials and Methods used -the third, fourth, and fifth chapters are article manuscripts which describe the results obtained, together with complementary studies -the last part discusses the main results and the outlooks of the thesis.

The whole manuscript is written in english except the abstracts at the beginning of the third, fourth, and fifth chapters and the discussion part. (Cantat et al., 2013).

To define the foam structure, the bubble radius R, the liquid volume fraction φ and the interfacial tension σ are relevant parameters (Dollet and Raufaste, 2014). The bubble shape evolves with a decreasing liquid fraction φ, defined as the ratio of the liquid volume to the foam volume, from spherical bubbles (φ>0.36) to polyhedral bubbles with pentagonal faces (φ<0.05) [START_REF] Drenckhan | Structure and energy of liquid foams[END_REF]. Theoretical foam models generally involve dry foam with polyhedral bubbles. where ΔP is Laplace pressure (Pair -Pliquid). Interestingly, the interfacial tension acts to flatten the interface whereas the Laplace pressure curves it (Fig. II.2) (Cantat et al., 2013).

Fig. II.3 Topological rearrangement (T1)

The structure of dry foams is also described by Plateau's laws, due to the minimisation of total interfacial area. Three lamellae meet symmetrically under angles of 120° in channels, the so-called Plateau border junction (Fig. II.3) [START_REF] Drenckhan | Structure and energy of liquid foams[END_REF]. When the length of a Plateau border shrinks to zero because of local strain, an unstable configuration according to Plateau's laws is obtained. Then, elementary topological changes called T1 occur, independently or as avalanches. A T1 corresponds to a bubbles neighbour switching. Another topological change exists called T2, which corresponds to the vanishing of a bubble, which is replaced by a node (Höhler and Cohen-Addad, 2005). , 1999) or by a vane method (Davis et al., 2004). The yield stress is defined as:

τc = γc • G'0 (eq. 2)
where τc is the yield stress, γc the yield strain and G'0 the foam storage modulus in the linear viscoelastic regime of the foam (Saint-Jalmes and Durian, 1999). The crossover of G' and G'', i.e. the strain for which G" starts to dominate G', can also be defined as the yield strain.

It is known that the foam storage modulus G' depends on the foam structure:

𝐺' ∝ 𝜎 𝑅 𝑔(ɸ) (eq. 3)
where σ is the interfacial tension, R the bubble radius, and 𝑔(ɸ) a decreasing function of the liquid fraction (Princen, 1983;Saint-Jalmes and Durian, 1999;Marze et al., 2009).

The foam structure can be destabilised by processes such as drainage, coalescence or disproportionation. Coalescence and disproportionation are gathered under the term "coarsening" in

Chapter II Bibliography 10 Fig. II.5 (Dollet and Raufaste, 2014). Foam drainage is the flow of liquid under the influence of gravity through the network of films and Plateau borders. Coalescence is the fusion of two bubbles after the rupture of a lamella separating them. Disproportionation is the surface-tension-driven gas exchange from small to large bubbles due to the difference in internal pressure (Laplace's law eq. 1).

Drainage leads to a drier foam (a decrease of the foam liquid fraction φ) whereas coalescence and disproportionation both lead to larger average bubble size or coarsening, although with a different distribution of sizes (Hutzler and Weaire, 2000;Koehler et al., 2000;Stevenson, 2012;Cantat et al., 2013). Due to these multiple ways of destabilisation, it is difficult to obtain stable liquid foams and the use of surfactants is crucial for this purpose.

Stabilising agents and their contribution to foam properties

Aqueous foam stabilisation can be partly achieved by the adsorption of stabilising agents at the airwater interface. They lower the interfacial tension, change the rheological properties of the interface and may provide repulsive forces between bubbles, thereby increasing the disjoining pressure. In addition, some of them can increase the bulk viscosity (Cantat et al., 2013).

Different agents can be used, Low Molecular Weight (LMW) surfactants and macromolecules (Fameau and Salonen, 2014). LMW surfactants can be ionic or non-ionic. Sodium Dodecyl Sulfate (SDS), an ionic surfactant, is commonly studied in theoretical foam models. For food applications, mono and diglycerides, fatty acids, and esters are used (Gaupp and Adams, 2007;Moonen and Bas, 2007). Macromolecules such as polymers and proteins can also be used, as well as solid particles agents. Proteins, polymers and LMW surfactants can be used simultaneously in complex systems, in particular for food applications.

LMW surfactants, an easier system than proteins, are widely used to understand the general mechanisms underlying foam stability. Thus, the main notions and concepts about aqueous foams stabilised by LMW surfactants will be first presented. Then, we will focus on protein foams. The stability against drainage can be increased by higher bulk viscosity and smaller bubbles radius.

LMW surfactants and foam stability

Liquid flow inside Plateau borders during drainage shears the liquid-gas interface transversally to the flow direction. Leonard and Lemlich have modeled the flow through single Plateau borders and have

shown that the drainage rate depends on a mobility parameter M defined as:

𝑀 = 𝜇•𝑟 𝜇 s (eq. 4)
where μ is the bulk viscosity, r the Plateau border size and μs the interfacial shear viscosity.

A lower mobility reduces drainage rates (Leonard and Lemlich, 1965;Saint-Jalmes et al., 2004;Rio et al., 2014).

Coalescence is the least understood of the instability mechanisms. The mechanism of stabilisation by LMW surfactants is linked to their ability to resist interfacial tension gradients. The film elasticity is governed by the fast kinetics of exchange with the bulk (Fig. II.6) [START_REF] Salager | Kinetics of formation and functional properties of conjugates prepared by dry-state incubation of beta-lactoglobulin/acacia gum electrostatic complexes[END_REF]. Some authors report that coalescence in foams occur more likely at a low critical liquid fraction (Carrier and Colin, 2003). Other studies on isolated films have shown than the rupture of isolated films, similar to the coalescence process, is controlled also by the dilatational elastic modulus and depends on the pressure applied on the film [START_REF] Georgieva | Link between surface elasticity and foam stability[END_REF]. In addition, T1 events may also result in film rupture due to insufficient bubble surface coverage by the surfactant and a small ratio of interfacial dilatational viscosity to interfacial tension (Carrier and Colin, 2003;Drenckhan and Langevin, 2010;[START_REF] Biance | How Topological Rearrangements and Liquid Fraction Control Liquid Foam Stability[END_REF].

An increase in the bubble radius and a decrease in gas solubility in water (such as with nitrogen gas) can reduce the disproportionation rate [START_REF] Weaire | Frustrated froth: Evolution of foam inhibited by an insoluble gaseous component[END_REF]Hilgenfeldt et al., 2001). The higher the dilatational elastic and viscous moduli, the lower the disproportionation rate (Kloek et al., Chapter II Bibliography 12 2001;[START_REF] Georgieva | Link between surface elasticity and foam stability[END_REF]. In addition, very closely packed monolayers act as gas barriers (Rio et al., 2014). Bulk viscosity can also reduce the disproportionation [START_REF] Kloek | Effect of Bulk and Interfacial Rheological Properties on Bubble Dissolution[END_REF].

However, the foam stability is still a source of many open questions. Film dynamics are believed to have a central role. If one film ruptures, the system has to rearrange, which affects the properties of the remaining films. Interestingly, T1 events may be triggered by instability mechanisms such as disproportionation (Gopal and Durian, 1999;Höhler and Cohen-Addad, 2005). Since T1 events may also result in film rupture, their study could be a new route toward an understanding of coalescence, complementary to the methods based on isolated foam films (Rio and Biance, 2014). Most of the studies on this subject have been performed with LMW surfactants. As far as we know, only one study has been performed with proteins, but in mixture with a polysaccharide co-surfactant (Durand and Stone, 2006).

T1 events are also involved in foam rheology (Gopal and Durian, 1999;Höhler and Cohen-Addad, 2005;Dollet and Raufaste, 2014). In other words, the film dynamics prominently contribute to the mechanical properties and to the stability of liquid foams and have not yet been studied for proteins.

The characterisation of the interfacial properties of proteins is needed to understand their aptitude to stabilise foams.

Interfacial properties of proteins

Interfacial characteristics correspond to, for instance, interfacial tension, amount of adsorbed proteins, conformational changes or interfacial rheological properties [START_REF] Rodriguez Patino | Implications of interfacial characteristics of food foaming agents in foam formulations[END_REF]. It should be noted that interfacial properties do not account for the bulk properties (proteins remaining in solution) and that a single planar interface air/water is characterised.

Fig. II.7 Single interface air/water

Proteins are amphiphilic macromolecules, which adsorb to hydrophobic interfaces and decrease the interfacial tension. When the protein concentration at the interface is sufficient for the building of interactions between adsorbed proteins, a visco-elastic interfacial film is formed [START_REF] Graham | Proteins at Liquid Interfaces, I. Kinetics of Adsorption and Surface Denaturation[END_REF][START_REF] Croguennec | Interfacial and foaming properties of sulfydryl-modified bovine β-lactoglobulin[END_REF].

The rate of protein adsorption is the most important factor in foam formation (or foamability), defined as the capacity of a protein solution to produce foams. An efficient foamability is a prerequisite for the study of the foam stability. Protein adsorption to the air/water interface is thermodynamically favorable, due to the dehydration of hydrophobic groups of the protein upon adsorption at the interface. It takes place in four successive steps: i) lag period, ii) diffusion of the protein molecules to the interface, iii) protein adsorption and iv) protein structural rearrangements. The adsorption rate depends on protein characteristics such as the net charge, the molecular size, the surface hydrophobicity, the chemical reactivity and the protein concentration. Even if a high surface hydrophobicity promotes the protein anchoring, the molecular size, net charge and flexibility can be more relevant (Damodaran, 2005). The adsorption of a protein determines the rate of surface tension decrease [START_REF] Macritchie | Proteins at Interfaces[END_REF][START_REF] Borcherding | Effect of protein content, casein-whey protein ratio and pH value on the foaming properties of skimmed milk[END_REF]Wang et al., 2016).

The mechanical properties of the interfacial film are correlated with foam stability (Prins and van Kalsbeek, 1998). The interfacial rheology describes the response of the interfacial film to the deformation. Two kinds of deformation may be applied: area changes by dilatation/compression and shape changes by shearing [START_REF] Rodriguez Patino | Implications of interfacial characteristics of food foaming agents in foam formulations[END_REF].

The interfacial shear rheology is sensitive to changes in the strength of the molecular interactions within the interfacial film and to the macromolecular structure. Generally, interactions between the adsorbed molecules confer a cohesive structure with high shear moduli to the interfacial film (Ridout et al., 2004;Caetano da Silva Lannes and Natali Miquelim, 2013).

The interfacial dilatational rheology is sensitive to the adsorption/desorption kinetics of surfactants.

However, proteins do not readily adsorb and desorb during compression-expansion cycles. Thus, the interfacial dilatational moduli are related to intermolecular interactions as well as to the dynamics of protein conformation [START_REF] Graham | Proteins at liquid interfaces. IV. Dilatational properties[END_REF]Cascão Pereira et al., 2003b). Value of surface tension gradient high low

Interfacial dilatational modulus low high
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According to these authors Bos and van Vliet, (2001), Table II.1 compares the main interfacial features for proteins and LMW surfactants. It should be noted that it does not account for exceptions.

Proteins may undergo conformational changes, self-assemble and form multilayers at the interface.

This feature makes the relationship between interfacial concentration and interfacial tension more complex, and discriminates proteins from LMW surfactants. In contrast with LMW surfactants, protein adsorption at the interface can be considered almost irreversible, due to the large number of adsorbed protein segments at the interface. Thus, interfacial protein self-assembly and quasiirreversibility of the adsorption may result in low-frequency interfacial shear and dilatational elasticity, while the dilatational elasticity observed with LMW surfactants is governed by the kinetics of exchange with the bulk (Bos and van Vliet, 2001). Thus, interfacial films for proteins are out-ofequilibrium and strongly time-dependent, whereas LMW surfactants quickly reach an equilibrium state at the interface (Bos and van Vliet, 2001).

In this thesis, we will focus on protein foams, in particular whey proteins, due to their sensitivity to environment and processing. Indeed, physical as well as chemical modifications induce changes in dairy protein structure and hence their interfacial and foam properties.

Protein structure

With a focus on dairy proteins specificities, general aspects of biochemical and physicochemical properties of proteins will be presented.

Proteins and their sensitivity to environment and processing

Protein structure can be characterised at different levels (Fig. The information for the folding of the protein is contained in the polypeptide chain. A globular protein structure with a hydrophobic core, such as for β-lg, ovalbumin or lysozyme, is formed if there are sufficient hydrophobic residues. Intrinsically disordered proteins such as ovomucin or β-casein are less structured than globular proteins due to the abundance, in the case of caseins, of proline residues, unfavourable to secondary structuration, and to the lack of intramolecular disulphide bonds (S-S).

Indeed, disulphide bonds, serve as an energy barrier for the rearrangement of the peptide chains and reduce the conformational changes [START_REF] Horiuchi | Studies on enzyme-modified proteins as foaming agents: Effect of structure on foam stability[END_REF][START_REF] Thornton | Disulphide bridges in globular proteins[END_REF]Walstra et al., 1999).

Proteins are sensitive to their local environment, especially due to the weak interactions (hydrogen bonds, hydrophobic interactions, electrostatic bonds and van der Waals forces) which stabilise their secondary, tertiary and quaternary structure. For this reason, the protein isoelectric pH (pI) is an important physico-chemical characteristic. At the pH=pI, the protein net charge is equal to zero and the protein-protein interactions are attractive. Below or above the pI, the protein net charge is respectively positive or negative, leading to electrostatic repulsion (Engelhardt et al., 2013). As discussed previously in section 1.2.2, the protein net charge contributes to the protein adsorption at the air/water interface. We will see that the protein net charge is also a lever for the separation of dairy proteins and for the production of varied protein structures.

Heat treatment can disrupt the weak non-covalent interactions (hydrogen bonding and electrostatic interaction) involved in the secondary and tertiary structure, and induces a partial, possibly irreversible protein unfolding, resulting in the exposition of hydrophobic groups to the solvent. The loss of secondary structure leads to an irreversible denaturation, because of the new bonds created with the surrounding water. Previously buried hydrophobic groups become exposed. Aggregation may follow due to intra and intermolecular interactions by hydrophobic and electrostatic interactions, as well as sulfhydryl/disulphide interchange upon prolonged heating. Indeed, a free cysteine thiol can react with another cysteine previously involved in a disulphide bond, resulting in the interchange of one of the cysteine moieties of the bond. After the interchange, the new bond may link two distinct protein molecules. It should be noted that the free sulphydryl group, from β-lg, exposed upon heating, is likely to be involved in sulfhydryl/disulphide interchange (Garrett and Grisham, 2008;[START_REF] Wijayanti | Stability of Whey Proteins during Thermal Processing: A Review[END_REF][START_REF] Anema | Chapter 9 -The Whey Proteins in Milk: Thermal Denaturation, Physical Interactions, and Effects on the Functional Properties of Milk[END_REF].

The heating mode of proteins, either in solution or in the powder state (dry-heating), influences the extent of denaturation and aggregation.

Dry-heating is currently not commonly used for whey protein powders, but is widely applied on eggwhite protein powders to maintain their microbiological quality and for the improvement of their foaming properties [START_REF] Baron | Effect of dry heating on the microbiological quality, functional properties, and natural bacteriostatic ability of egg white after reconstitution[END_REF][START_REF] Kato | New approach to improve the gelling and surface functional properties of dried egg white by heating in dry state[END_REF]Van der Plancken et al., 2007a;[START_REF] Desfougères | Dry-Heating Makes Hen Egg White Lysozyme an Efficient Foaming Agent and Enables Its Bulk Aggregation[END_REF]Talansier et al., 2009;Boreddy et al., 2016). In comparison with heating of solutions, dryheating of protein powders is a way to disjoin protein denaturation and aggregation. Generally, powders have a low moisture content. Water may be either linked to the powder components (proteins, sugars) or free. The powder stability depends on free water, which is available for chemical reactions.

This water availability can be measured through water activity (aw) [START_REF] Mathlouthi | Water content, water activity, water structure and the stability of foodstuffs[END_REF]. Thus, aw is governed by moisture content, product chemistry and structure, and storage conditions [START_REF] Stapelfeldt | Effect of Heat Treatment, Water Activity and.pdf[END_REF]. Due to the low water activity aw of powders, proteins are more stable as regards heat denaturation in the powder state than in solution. For instance, the denaturation temperature of βlactoglobulin is 167 °C in the powder state (aw 0.23) and 78 °C in solution (Zhou and Labuza, 2007;Rao et al., 2016). Thus, dry-heating may preserve the structure in comparison to solution (Morgan et al., 1999a;[START_REF] Báez | Glycation of heat-treated β-lactoglobulin: Effects on foaming properties[END_REF].

Dry-heating of proteins in the presence of sugars (naturally present or added) is an efficient way to produce glycated proteins by the Maillard reaction. Glycation in the dry-state prevents to some extent both the protein denaturation and aggregation which occur in solution [START_REF] Báez | Glycation of heat-treated β-lactoglobulin: Effects on foaming properties[END_REF]. The first step is the condensation of an available amino group and a carbonyl-containing moiety (usually a reducing sugar) to form a Schiff base and an Amadori product (Fig. II.9). Later stages produce advanced-glycation end-products characterised by a browning colouration. The consequences of Maillard reaction can be positive (development of flavours) or negative (unwanted coloration changes and loss of the protein bioavailability) [START_REF] Liu | Glycation a promising method for food protein modification: Physicochemical properties and structure, a review[END_REF][START_REF] Dyer | Proteomic tracking of hydrothermal Maillard and redox modification in lactoferrin and β-lactoglobulin: Location of lactosylation, carboxymethylation, and oxidation sites[END_REF][START_REF] Milkovska-Stamenova | Identification and quantification of bovine protein lactosylation sites in different milk products[END_REF]Arena et al., 2017). 

Dairy proteins

Whey proteins

All the whey proteins, except proteose peptone which are soluble casein fragments, are globular proteins.

β-lactoglobulin is the main whey protein in bovine milk. It contains two intramolecular disulphide bonds and one free sulphydryl group (SH) per monomer. The latter is highly reactive upon heat treatment. β-lg is a highly structured, very compact globular structure, with 43 % β-sheets (Fig. II.8c).

The quaternary structure of β-lg depends on the solution pH: monomer (pH<3.5 and pH>7.5), dimer

(5.5<pH<7.5) or octamer (3.5<pH<5.2) (Fox and McSweeney, 2003). The hydrophobic core, delimited by β-sheets, can bind apolar ligands such as retinol.

α-lactalbumin is the second most prevalent protein in whey. It carries four intramolecular disulphide bonds, but does not contain any free sulphydryl group. α-la naturally forms intramolecular ionic bonds with Ca 2+ , which make the molecule resistant to thermal unfolding. However, a low pH (pH<5) induces the loss of the Ca 2+ ligand and lowers the heat stability (Walstra et al., 1999).

Caseins

Caseins are intrinsically disordered proteins. They exist in large dynamical aggregates in milk, called the casein micelle (Fig. II.10). They have only short helix segments and little tertiary structure. Thus, in solution, caseins are partly unfolded and many hydrophobic groups are exposed. The micelle is stabilised by hydrophobic bonds and salt bridges involving colloidal calcium phosphate. Reducing the pH of milk from 6.7 to 4.6, at the isoelectric pH of caseins, induces a solubilisation of the colloidal calcium phosphate and the precipitation of caseins. Thus, caseins are not soluble at their pI. However, compared to whey proteins, caseins are stable to heating, even if a lower pH diminishes the heat stability (Fox and McSweeney, 2003). Finally, whey proteins, due to their globular structure are sensitive to heat and remains soluble at the isoelectric pH, whereas caseins, highly disordered proteins, are stable to heating and become insoluble at the isoelectric pH. For this reason, the precipitation of caseins at pH 4.6 is commonly used in many milk processing protocols in order to separate them from whey proteins (Walstra et al., 1999).

Heat treatments of whey proteins and foam properties

Heating of whey proteins is a common processing operation for changing functional properties (e.g.

gelling, emulsion or foam stability) [START_REF] Anema | Chapter 9 -The Whey Proteins in Milk: Thermal Denaturation, Physical Interactions, and Effects on the Functional Properties of Milk[END_REF]Guyomarc'h et al., 2015).

Heating in solution

The heating of β-lg in solution induces different structural changes, such as the decrease in the α-helix content, the increase in random coils and the increase in surface hydrophobicity, which deeply impact the interfacial properties [START_REF] Kim | Effect of thermal treatment on interfacial properties of β-lactoglobulin[END_REF]. A considerable amount of research has been conducted on the denaturation/aggregation of whey proteins in solution. Different kinds of protein aggregates are obtained, with well characterised structures and physicochemical properties depending on the protein net charge, which depends on pH, and ionic strength (Fig. II.11). Primary aggregates constitute the building blocks of larger aggregates.

Two types of primary aggregates exist, strands (strong electrostatic repulsion between the proteins) and spherical aggregates (for pH close to pI). Secondary aggregation of the strands and the spherical particles occurs at higher aggregate concentrations and longer heating time, until the formation of a gel or a precipitate (Nicolai and Durand, 2013). Schmitt et al. (2014); Lazidis et al. (2016) have demonstrated that WPI microgels greatly improve foams stability through a reduced drainage. Fibrils are another type of aggregates, formed in acidic condition (pH < 2.5) at low ionic strength and longer heating time. The structure involves peptides resulting from protein hydrolysis (Nicolai and Durand, 2013). [START_REF] Oboroceanu | Fibrillization of whey proteins improves foaming capacity and foam stability at low protein concentrations[END_REF] have shown that fibrils could be also an interesting foam stabiliser, as effective as egg-white proteins which are the reference foaming protein food ingredient.

Powder dry-heating

Since dry-heating is currently not commonly used for whey protein powders, but is widely applied egg-white protein powders, this part will focus on the dry-heating of whey proteins powders and some knowledge about egg-white dry-heating will also be mentioned.

It has been reported that dry-heating or in-solution heating generate distinct structure modifications of proteins [START_REF] Báez | Glycation of heat-treated β-lactoglobulin: Effects on foaming properties[END_REF]Gulzar et al., 2013). Whey protein dry-heating induces chemical modifications, such as hydrolysis, dehydrations, deamidation, (Gulzar et al., 2011b(Gulzar et al., , 2011a(Gulzar et al., , 2013)), or conformational changes [START_REF] Radwan | Improvement of the Surface Functional Properties of β-Lactoglobulin and α-Lactalbumin by Heating in a Dry State[END_REF]Morgan et al., 1999a;[START_REF] Báez | Glycation of heat-treated β-lactoglobulin: Effects on foaming properties[END_REF]. Extensive dryheating conditions lead to possibly insoluble aggregates by intramolecular and intermolecular crosslinking and oxidation of sulfhydryl groups (Gulzar et al., 2011b). Due to the presence of lactose in whey protein ingredients, Maillard reaction is a relevant phenomenon when they are subjected to heat treatment, drying or storage [START_REF] Fenaille | Solid-state glycation of βlactoglobulin by lactose and galactose: localization of the modified amino acids using mass spectrometric techniques[END_REF].

Dry-heating parameters, such as the temperature and duration of dry heating, the pH prior to dehydration, the lactose content, the powder aw change the nature and the extent of these chemical modifications.

Usually, molecular motion is reduced in powders because of their amorphous glassy state at room temperature. The glass transition temperature Tg corresponds to the change from amorphous glassy state to the rubbery state, in which the inter-chain mobility increases and makes chemical reactions possible. The increase of the powder aw and sugar content decreases the Tg [START_REF] Sherwin | Role of Moisture in Maillard Browning Reaction Rate in Intermediate Moisture Foods: Comparing Solvent Phase and Matrix Properties[END_REF]Thomas et al., 2004;Zhou and Labuza, 2007). Thus, chemical reactions such as denaturation or lactosylation may occur at a lower temperature. As an example, the denaturation temperature of proteins in a WPI powder is 175 °C, 163 °C and 132 °C at aw 0.11, 0.23, 0.53 respectively (Zhou and Chapter II Bibliography 20 Labuza, 2007). Thus, monitoring of the dairy powders aw is crucial. For instance, nearly all the β-lg is lactosylated after one week of storage (aw 0.45, 37 °C) (Thomas et al., 2004). An optimum aw for the Maillard reaction was reported to be in the 0.5 to 0.8 range [START_REF] Liu | Generation of Soluble Advanced Glycation End Products Receptor (sRAGE)-Binding Ligands during Extensive Heat Treatment of Whey Protein/Lactose Mixtures Is Dependent on Glycation and Aggregation[END_REF].

An influence of pH prior to dehydration on dry-heating effects has already been observed. The rate of β-lg lactosylation is significantly lower at pH 5 than at pH 7 (Thomsen et al., 2012). Other authors have claimed that the rate of aggregation of WPI in the dry state was lower with decreasing pH (pH 2.5, 4.5 and 6.5) (Gulzar et al. 2011b). Guyomarc'h et al. (2015) suggested the extent of lactosylation of WPI at pH 2.5 is a limiting factor of the Maillard reaction, which could explain the lower rate of aggregation at pH 2.5 as compared to pH 6.5. Famelart et al. (2018) have shown the formation of microparticles by WPI dry-heating at pH 9.5. Desfougères et al. (2011) have shown that the dryheating of lysozyme at pH 3.5 forms more succinimide derivatives than at pH 7.0 and pH 8.5.

Dry-heating at low temperature (under 70 °C) induces intermediate levels of protein denaturation and could preserve the structure of whey proteins [START_REF] Gauthier | Modification of bovine beta-lactoglobulin by glycation in a powdered state or in aqueous solution: adsorption at the air-water interface[END_REF]. The loss of protein solubility is time/temperature dependent ( Van der Plancken et al., 2007). The rate of lactosylation is increased with temperature and time (Thomsen et al., 2012). The extent of lactosylation depends on the protein, sugar concentrations and thermal treatment [START_REF] Milkovska-Stamenova | Identification and quantification of bovine protein lactosylation sites in different milk products[END_REF].

Studies about the effect of dairy powder dry-heating on foaming properties are listed Table II.2. Some studies have demonstrated that dry-heated dairy powder exhibit enhanced foam stability (Radwan et al., 1993;Medrano et al., 2009;Hiller and Lorenzen, 2010a;[START_REF] Báez | Glycation of heat-treated β-lactoglobulin: Effects on foaming properties[END_REF]. Glycation may increase the thickness and viscoelastic properties of the interfacial layer, and improve water holding capacity of proteins [START_REF] O'mahony | Controlled glycation of milk proteins and peptides: Functional properties[END_REF]. In contrast, [START_REF] Báez | Glycation of heat-treated β-lactoglobulin: Effects on foaming properties[END_REF] have shown that the β-lg foam stability is higher after pre-heating in solution (85 °C , 3 min) than after dry-heating, and that glycation by glucose either in the dry-stated or in solution does not improve foam properties. The effects of glycation on foam properties are complex, as they depend on protein structure (globular, disordered), nature of the carbohydrate, experimental conditions (thermal treatment, powder aw) and foam formation mode (whipping, bubbling) (O' [START_REF] Norwood | Structural markers of the evolution of whey protein isolate powder during aging and effects on foaming properties[END_REF].

In the following section 3, we chose to present the literature about the relationships between whey protein structure, interfacial properties and foaming, by pairs, in order to shed light on the complexity of interpretation and the discrepancies between studies. It should be noted that available literature data on whey protein film dynamics are scarce, and therefore cannot be discussed in this section.

Multiscale approach about whey proteins foams

We chose to focus on the relationships between whey protein structures, interface and foam properties because whey proteins are the object studied in the thesis. However, some generalities about protein foams can also be mentioned. 

Relationships between whey protein structure and foam properties

The relationships between protein structure and foam properties are complex. The presence of whey protein micro-gels (specific aggregates presented in section 2.2.3) has been reported to have a positive influence on foam stability (Schmitt et al., 2014;Lazidis et al., 2016). Aggregates have to be small enough to be gelled in the liquid films in order to stabilise foams [START_REF] Rullier | Beta-lactoglobulin aggregates in foam films: correlation between foam films and foaming properties[END_REF]. Due to their elasticity, gels may limit or arrest both drainage and disproportionation (Fameau and Salonen, 2014).

Aggregated proteins, depending on the structure and the size may also slow down the drainage by confinement in the Plateau borders (Rullier et al., 2008). Indeed, aggregates can be blocked inside the liquid film and increase the viscosity, leading to a reduced drainage (Fameau and Salonen, 2014). [START_REF] Lexis | Yield stress and elasticity of aqueous foams from protein and surfactant solutions -The role of continuous phase viscosity and interfacial properties[END_REF], suggest that a network can be formed across the liquid film.

Aggregates could be involved in the liquid film network and increase foam stability and bulk rheology. Interestingly, Dombrowski et al. (2016) have shown that aggregates, due to their surface hydrophobicity, molecular flexibility and zeta potential, may also improve foam stability by their presence at the interface.

In contrast, others authors shown that aggregates may decrease the foam stability and yield stress (Davis and Foegeding, 2004;Rullier et al., 2008;Dissanayake and Vasiljevic, 2009). The aggregate size and the balance between non-aggregated and aggregated proteins should be taken into account (Zhu and Damodaran, 1994;Rullier et al., 2008). Non-aggregated proteins contribute to the foam formation and stability because they adsorb quickly and saturate the interface even if their respective concentration in the bulk is minor. The foam formation is improved for a monomers to aggregates ratio of 60:40. In contrast, a higher foam stability was obtained for a 40:60 ratio (Zhu and Damodaran, 1994).

A high foam overrun and lower drainage rate was found for hydrolysed WPI and β-lg [START_REF] Ipsen | Effect of limited hydrolysis on the interfacial rheology and foaming properties of β-lactoglobulin A[END_REF][START_REF] Tamm | Pendant drop tensiometry for the evaluation of the foaming properties of milk-derived proteins[END_REF]. Conformational changes and partial unfolding of whey proteins may improve their foam stability, mainly through changes in their interfacial properties [START_REF] Croguennec | Interfacial and foaming properties of sulfydryl-modified bovine β-lactoglobulin[END_REF]Dissanayake and Vasiljevic, 2009). Some studies have demonstrated that glycated proteins, obtained by powder dry-heating, exhibit an enhanced foam stability (Medrano et al., 2009;[START_REF] O'mahony | Controlled glycation of milk proteins and peptides: Functional properties[END_REF]. Engelhardt et al. (2013) have shown that the β-lg net charge has a determinant influence on the bulk foam rheology. Foams have higher yield stress and storage moduli at the pH=pI, where the net charge is zero.

Relationships between whey protein structure and interfacial properties

The interfacial properties are sensitive to the structure of proteins adsorbed at the interface.

Dilatational interfacial rheology of protein films are affected by the intra-protein rigidity. β-casein, a flexible protein, exhibits a low dilatational surface elasticity. In contrast, β-Lg, a rigid protein, shows higher dilatational modulus [START_REF] Graham | Proteins at liquid interfaces. IV. Dilatational properties[END_REF]. Ridout et al. (2004) have shown that caseins in mixture with β-lg deeply decrease both the dilatational and shear interfacial elasticity. Caseins have a faster adsorption at the interface and easily unfold at the interface due to their flexible structure [START_REF] Graham | Proteins at liquid interfaces. IV. Dilatational properties[END_REF]. Note that whey proteins ingredients also contain residual non-micellar caseins [START_REF] Coppola | Comparison of milk-derived whey protein concentrates containing various levels of casein[END_REF]. Thus, the casein content in whey protein ingredients can be determinant for their interfacial properties, due to the capacity of casein to saturate the air/water interface.

A study from Mackie et al. (1999) shows a different interfacial behaviour between the A and B genetic variants of β-lg, as regards the interfacial tension and dilatational modulus, whereas they differ only by two amino acids. In addition, Engelhardt et al. (2013) have shown that the β-lg net charge has a determinant behaviour for the interfacial rheology. At the pI, disordered β-lg multilayers, with high interfacial dilatational elasticity, are formed at the air-water interface, whereas, below and above the pI, lower interfacial dilatational elasticities are observed due to the protein repulsion within the adsorbed layer. [START_REF] Croguennec | Interfacial and foaming properties of sulfydryl-modified bovine β-lactoglobulin[END_REF] have shown that modified β-lactoglobulin, which exhibits higher surface hydrophobicity and a slight modification in the tertiary structure, adsorbs faster at the air/water interface than the native form, forming a denser protein layer. They also suggested that the β-lg free sulfhydryl is involved in the interfacial shear rheology.

As regards the effect of β-lg glycation on the adsorption rate and dilatational modulus at the air/water interface depends on the nature of the carbohydrate and the experimental conditions (thermal treatment, powder aw) (Corzo-Martínez et al., 2012;Medrano et al., 2009).

Interestingly, [START_REF] Jung | Interfacial Activity and Interfacial Shear Rheology of Native β-Lactoglobulin Monomers and Their Heat-Induced Fibers[END_REF] have found that peptides formed during heating of a β-lg solution at pH 2.0 have markedly changed interfacial properties, consisting in higher surface activity and increased shear viscoelastic properties. In contrast, the enzymatic hydrolysis of purified β-lg decreased both the interfacial shear elasticity and viscosity values [START_REF] Ipsen | Effect of limited hydrolysis on the interfacial rheology and foaming properties of β-lactoglobulin A[END_REF]. Mahmoudi et al. (2010) showed that WPI aggregates did not change the interfacial dilatational properties in comparison with native WPI, whatever the size and structure of the aggregates. In contrast, Dombrowski et al. (2016), after removing the non-aggregated proteins, have shown that β-lg aggregates change interfacial properties. Aggregates with a higher size, characterised by a higher electrostatic repulsive force and a lower flexibility, decrease the diffusion rates to the interface and are less effective to decrease the interfacial tension. These authors observed a significant increase of the dilatational storage modulus E' with aggregate size, attributed to an increase of hydrophobicity and steric interactions.

Relationships between whey protein interfacial and foam properties

Some studied on whey proteins have shown that the interfacial rheology is correlated with foam properties. Lexis and Willenbacher (2014) have shown for β-lg that a higher interfacial dilatational and shear elasticity can increase the foam yield stress and storage modulus. Engelhardt et al. (2013) have also observed for β-lg that increasing E' leads to increased foam yield stress and storage modulus. In agreement, higher E' increases the yield stress of WPI foams (Davis et al., 2004). [START_REF] Tamm | Pendant drop tensiometry for the evaluation of the foaming properties of milk-derived proteins[END_REF] have found some correlations between the dilatational rheology and the foam stability against drainage. Yang and Foegeding, (2010) showed that WPI foams drainage slow down with increasing 𝜇 𝐸′ 𝜎

, where E' is the storage dilatational modulus, σ the interfacial tension and μ the bulk viscosity. In addition, increasing the ratio E'/σ should be able to prevent bubble disproportionation (Yang and Foegeding, 2010). [START_REF] Braunschweig | Specific effects of Ca 2+ ions and molecular structure of β-lactoglobulin interfacial layers that drive macroscopic foam stability[END_REF] have shown that the β-lg foam stability increasing with the layer thickness and dilatational storage modulus E'. Increasing E' and electrostatic repulsions between bubbles lead to a decrease in the coalescence and disproportionation rate (Dombrowski et al., 2016).

The foam formation is less efficient when the diffusion and adsorption to the interface is slower (Dombrowski et al., 2016). [START_REF] Tamm | Pendant drop tensiometry for the evaluation of the foaming properties of milk-derived proteins[END_REF] have shown lower foamability with the increase of the ratio E''/E'. In contrast, Schmitt et al. (2014) shown that the best foam stability was obtained in conditions that do not correspond with the lowest surface tension, neither with the higher interfacial elasticity E'.

Finally, although the links between structure, interface and foam have been investigated by other groups, the multiscale approach in a same study is quite uncommon. In addition, the results are contrasted and depend on the experimental method. In the context of my thesis, we purified β-lactoglobulin (β-lg) from bovine milk by using pilot-scale membrane separation technology in which the temperature did not exceed 56 °C in order to preserve its native structure (Bramaud et al., 1995;Gésan-Guiziou et al., 1999;Toro-Sierra et al., 2013). Since foams and interfacial properties are sensitive to the protein structure, this lab-made purification allows us to know and control the manufacturing history of β-lactoglobulin.

Chapter III Materials and Methods

Materials

Fresh unheated milk was skimmed and microfiltrated (1.4 µm) and then caseins were separated from the whey by microfiltration (0.1 µm) (Fig. III.1a). The microfilrate was concentrated by ultrafiltration

(5 kDa), then diafiltrated with deionised water to give WPI, which was subsequently frozen and stored for a few weeks. Then, the thawed WPI was acidified by citric acid and heated (56 °C) in order to precipitate α-lactalbumin. After microfiltration (0.1 µm), the microfiltrate containing β-lg solution was concentrated by ultrafiltration (10 kDa) (Fig. III.1b), diafiltrated with deionised water and freezedried.

Freeze-dried β-lg contains 77.3 % ± 1.7 % of β-lg. Protein concentration was determined using a spectrophotometer and applying Beer Lambert's law:

A=ε•l•c (eq. 1)
where A is the absorbance of the solution at 280 nm, ε the molar extinction coefficient for β-lg, l the light path-length and c the concentration of the solution, using l=1 cm and ε=0.96 mL•g -1 •cm -1 [START_REF] Bhattacharjee | Thermal unfolding and refolding of beta-lactoglobulin. An intrinsic andextrinsic fluorescence study[END_REF].
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WPI powder was obtained by spray-drying a whey protein concentrate isolated from milk microfiltrate by ultrafiltration and diafiltration, as described by Chevallier et al. (2018).The nitrogen content (TN), non-protein nitrogen (NPN) and non-casein nitrogen (NCN) of the powder were determined by the Kjeldahl method (Schuck et al., 2012). The protein content was calculated by (TN-NPN) × 6.38 (eq. 2). The amount of casein or insoluble proteins at pH 4.6 was measured by (TN-NPN-NCN) × 6.38 (eq. 3). Free lactose in the WPI powder was measured by ion-exchange high performance liquid chromatography (HPLC, Dionex, Germering, Germany) using an Aminex A-6 column (Biorad, St Louis Mo., USA) and a differential refractometer (model RI 2031 plus, Jasco).The oven was kept at 60°C and the elution flow was 0.4 mL•min -1 using 5 mM H2SO4.

The WPI powder contained 95.0 ± 0.2 % (w/w) of proteins (calculated from eq. 2), among which 9.40 ± 0.04 % (w/w) of caseins or insoluble proteins at pH 4.6 (calculated from eq. 3), and 2.00 ± 0.02 % (w/w) of free lactose.

Before each experiment, protein concentration in WPI was determined using a spectrophotometer and applying Beer Lambert's law (eq. 1) where A is the absorbance of the solution at 280 nm, ε the molar extinction coefficient for WPI equal to 1.047 mL•g -1 •cm -1 and l the light path-length equal to 1 cm.

Sodium caseinate (NaCas) was purchase from Armor Protéines (Saint-Brice-en-Coglès, France), Sodium Dodecyl Sulfate (SDS) from Sigma and egg-white from Ovoteam (France).

Preparation of dry-heated powders

Sample preparation

Spray-dried WPI and freeze-dried β-lg were each solubilised in deionised water. A part of samples (name prefixed with "D" in the following) was dialysed against water to reach 0.2 % (w/w) of lactose (10-fold reduction) (Fig. III.2). The other part of samples (name prefixed with "L") was kept at their initial lactose content 2 % (w/w). In order to reduce the amount of caseins and insoluble proteins (particularly for the WPI samples), they were adjusted to pH 4.6 by adding 12 N HCl and centrifuged for 30 min at 9000×g. Then, the pH of the solution was adjusted to 3.5, 5.0 or 6.5 using 12 N HCl or 12 N NaOH, and then lyophilised. Lyophilised powders were adjusted to water activities of 0.12, 0.23, or 0.52 by storage for two weeks at room temperature in desiccators containing saturated LiCl, MgCl2

or Mg(NO3)2 solutions, respectively. Water activity of commercial dairy powders is usually close to 0.23. The water activity of powders before and after dry-heating was checked using an aw-meter (Novasina, Axair Ltd, Switzerland). Powders were then dry-heated at 70°C for 0, 1, 5, 25 or 125 h in hermetically sealed bottles or bags.

The powders were then solubilised in deionised water at a protein concentration of 50 g/L (Fig. To focus on samples adjusted at pH 3.5, and to obtain a complete design in this condition, 8 trials were added to the formerly described fractional design. The resulting overall design consisted of 28 trials.

This design was used with and without lactose separately, leading to 56 conditions (including 30 conditions at pH 3.5).

Structural properties

Size-exclusion high-performance liquid chromatography

High-performance size-exclusion chromatography was carried out using a TSK gel G 3000 SWXL column (Phenomenex, France) connected to a high-performance liquid chromatography (HPLC) apparatus comprising a Waters 2695 separation system, a Waters 2489 double wavelength detector and Empower (Milford, USA) acquisition. The protein elution flow-rate applied was 1.0 mL•min -1 using a 20 mM phosphate buffer at pH 6.9 containing 0.1 M NaCl. Proteins were detected at 214 nm.

Protein solutions reconstituted in ultrapure water were centrifuged 10 min at 9000×g at pH 7.0 in order to remove insoluble aggregates. Then, the analysis was carried out with 50 μL of a 0.6 g/L protein solution formerly reconstituted in ultrapure water, centrifuged, and diluted 1:1 with the phosphate buffer solution.

Reversed-phase high-performance liquid chromatography

Measurements were carried out with a PLRP-S 300 A column (Agilent Technologies, United

States).The flow applied was 0.2 mL•min -1 with an acetonitrile gradient of buffer A (0.106 % trifluoroacetic acid (TFA) in water) and buffer B (80 % acetonitrile (CH3CN), 0.1 % TFA in water).

The column was equilibrated with 35 % buffer B and linear gradients of 35 to 62 % buffer B in 40 min, then 62 to 100 % in 4 min, and 100 to 35 % in 6 min. Proteins were detected by UV absorption at 214 nm. Protein samples were prepared as for size-exclusion chromatography (section 3.1)

Mass spectrometry

Mass spectrometry was carried out after protein separation on reverse phase-HPLC as described in section 3.1. Fractions eluted from the HPLC column were analysed by a Q-exactive mass spectrometer (Thermo Fisher Scientific, United States). Proteins were ionised by the Heated Electrospray Ionisation (HESI-II) source at 350°C before determining their mass. Mass acquisition was carried out in the mass range of 800 to 3000 m/z (mass / charge ratio) and a tension of 4200 V. Spectra were analysed with the Thermo Xcalibur QuaiBrowser software for fractions eluted between 18 and 29 min in order to focus on β-lg residues. [START_REF] References Anema | Chapter 9 -The Whey Proteins in Milk: Thermal Denaturation, Physical Interactions, and Effects on the Functional Properties of Milk[END_REF]. In this case, the relative abundance of ions detected is represented as a function of their mass. For example, the mass spectrum can be informative about the protein glycation.

Foam properties

Foam formation and drainage rate

Powders were dissolved in deionised water at a protein concentration of 1.9 g/L. Each solution was then dialysed against water, in order to suppress ionic strength differences between samples. During dialysis, pH drifted toward the average isoelectric point of whey proteins, close to 5.0 ± 0.2. After dialysis, pH was adjusted to 7.0 (1N NaOH). The foaming time was lower than 1 min. The mean foam bubble diameter was smaller than 1 mm. The conductivity of a freshly-produced foam was measured by an impedance meter operating at a frequency of 1 kHz and voltage level of 1.0 V. The liquid volume fraction φ (φ= 𝑉liquid / 𝑉foam) at each electrode position was measured using the empirical relationship of Feitosa et al. (2005):

φ = 3𝜒(1+11𝜒)
1+25𝜒+10𝜒 2 (eq. 4)

where 𝜒 was the relative conductivity 𝜒 foam/ 𝜒 solution.

The liquid fraction φ in the foam was monitored for each electrode (at different column heights) as a function of time. Liquid drained from the top to the bottom of the foam because of gravity. Thus, a gradient of liquid fraction took place along the height of the foam column and the foam was dryer at the top. In this situation, called free drainage, the evolution of the liquid fraction at a given height finally reached a power-law regime, on timescales much longer than the initial foaming time (Koehler et al., 2000;Saint-Jalmes and Langevin, 2002):

φ ∝ 𝑡 -𝛼 (eq. 5)
where α is the free-drainage exponent. When t tends to the foaming time, there is a cut-off and φ tends to its initial value.

In other words, when drainage was the only instability phenomena occurring in the foam, the liquid fraction evolved linearly with time in log-log representation. The exponent α describes the drainage rate. The lower α, the higher the foam stability against drainage. Among the electrodes pairs, only e03, e04, e05, e06 and e07 were selected for data analysis. e01, e02, e08, e09 and e10 were excluded because of boundary conditions (capillary liquid holdup at the bottom and finite size effects on the top of the foam) (Saint-Jalmes, 2006).

Foam formation and rheometry

The two-syringe technique was used to obtain liquid foams at a protein concentration of 50 g/L (Pierre et al., 2013;Gaillard et al., 2017). The liquid fraction ɸ, defined as the ratio of the liquid volume to the total foam volume Vliquid/Vfoam, was fixed at 0.16. ɸ is controlled by the ratio of the amount of the initial solution and the total volume of the two syringes. Foams were all produced after twenty plunges of the syringes.

Bubble size was measured by the bubble raft method. Freshly-produced foams were deposited inside a Petri dish containing the same protein solution used to make the foam. A mean bubble radius was manually calculated over four images of the same foam.

Foam rheology measurements were performed on the freshly produced foams using a rheometer (MCR301, Anton Paar) with a 75 mm cone-plate geometry. The viscoelastic shear moduli G' and G'' and the yield strain γc were measured during an oscillatory amplitude sweep from 1 to 50 % strain with a frequency of 1 Hz. We define G'0 and G"0 as the modulus at a strain γ = 1 %. The yield strain γc was defined as the strain at which the viscous properties start to dominate over the elastic ones, i.e. the crossover of G' and G''. The yield stress was then calculated from:

τc = γc • G'0 (eq. 2)
where τc is the yield stress, γc the yield strain and G'0 the foam storage modulus in the linear viscoelastic regime of the foam (Saint-Jalmes and Durian, 1999).

The shear modulus G' was also recorded as function of the foam age with constant frequency 1 Hz and strain γ =1 %. tension at the solution-air interface using a 50 g/L protein solutions. Such highly concentrated protein solutions, in turn, made it difficult to measure the dilational moduli essentially due to wetting of surfaces of the drop shape analysis device. Experimental optimisation was needed such as successive cleaning steps with detergent, ethanol, and deionised water before each experiment.

Interfacial properties

After formation of a fresh liquid drop hanging from the tip of the needle, the kinetics of the interfacial tension changes were followed for 1600 s by drop shape analysis, with the drop maintained at a constant 7 µl volume.

The same tensiometer was used for interfacial dilatational rheometry. In order to measure the complex interfacial dilatational modulus (E), sinusoidal drop oscillations (with amplitude ±0.75 µL, pulsation ω = 1.26 rad/s) were applied and the interfacial tension response was recorded (Fig. III.6). The phase shift angle (ϴ) between the surface area and interfacial tension curves is a measure of the relative film elasticity. For an ideal elastic material, surface area and interfacial tension are in phase (ϴ = 0) and the imaginary term is zero. In the case of an ideal viscous behaviour, ϴ = 90° and the real part is zero. The complex interfacial dilatational modulus E exhibits two contributions: the storage modulus, E', and a
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Following a study from (Cascão Pereira et al., 2003b), we extracted E' and E''.

E' and E'' values were calculated through a software by averaging 50 points corresponding to a few oscillations.

Fig. III.6 Representation of periodic strain corresponding to surface area and stress response corresponding to interfacial tension

Firstly, the kinetics of the dilatational moduli was obtained by applying to a freshly formed drop continuous oscillations as a function of time until a time of 1600 s. The variability between samples was higher and more discriminant at short times. Thus, only dilatational moduli at short time E'250 s and E''250 s were extracted from the kinetics. Secondly, to avoid continuously oscillating for long times, thereby perturbing the interface, we imposed only few oscillations after a 1600 s aging to obtain E'1600 s and E''1600 s. Oscillatory shear stress is imposed. The viscoelastic interfacial shear moduli G' and G'' were measured during an oscillatory time sweep at a frequency of 1 rad/s and a shear strain amplitude of 1 %. Interfacial shear moduli were measured on protein solutions reconstituted at 2.0 g/L with (i) a deionised water and subsequently dialysed against deionised water (the same conditions as to make the foams by bubbling) or (ii) with 100 mM NaCl. In both cases, pH was adjusted to 7.0 before measurement. To characterise the relaxation we extract a parameter, which we call the T1 duration t90, defined as the time for the film to reach 90 % of its final length L∞ (Durand and Stone, 2006)(Fig. III.8b). Having a single parameter rather than a curve allows us to easily compare the different solutions and 90 % is the length that best discriminates between different solutions.

Shear interfacial rheology

Film dynamics

Statistical analysis

Principal Component Analysis

Principal component analysis (PCA) is a multivariate statistical method used to extract the main information from a data set, based on correlations between variables. New orthogonal variables, consisting in linear combinations of the initial variables and called principal components (PC), are computed together with the values of these new variables (scores) for each observation. Principal 

Analysis of Variance

Analysis of variance (ANOVA) was used to test the effects of parameters (pH prior to dehydration, aw of powders, dry-heating times and lactose content), treated as qualitative, categorical variables, on foam or chromatogram coordinates (scores) on the first two principal components PC1 and PC2. The normal distribution of the data and the homoscedasticity of the samples were checked. Main effects and second order interactions have been taken into account. Only effects significant at the p<0.01 level have been considered and will be discussed. ANOVA was performed using the R software package (R Core Team, 2017).

Tukey contrast

Adjustments for multiple comparisons using Tukey contrasts were performed to test significant mean differences between protein samples (p-values <0.05).

Spearman correlations

Correlations between different parameters were determined using Spearman's rank correlation test (coefficient rs). Data were analysed using the R software package (R Core Team, 2017).
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Dans ce chapitre, nous avons étudié l'effet de paramètres d'étuvage de poudre de WPI sur la stabilité de mousses de protéines. Un plan d'expériences, nous a permis de sélectionner 56 conditions expérimentales avec pour variables: le pH avant déshydratation (3,5 ; 5,0 ; 6,5), la teneur en lactose (0,2 % ; 2 %), l'activité de l'eau de la poudre (0,12 ; 0,23 ; 0,52) et la durée d'étuvage à 70°C (0 ; 1 ; 5 ; 25 ; 125 heures). Les poudres de WPI ont été mises en solution, les solutions ont été dialysées contre de l'eau désionisée, et ajustées à pH 7,0 juste avant la fabrication de mousses par bullage. Des mesures de rhéologie interfaciale en cisaillement ont été également effectuées pour certaines conditions expérimentales de traitement des poudres.

La stabilité des mousses a été évaluée en suivant la fraction liquide des mousses, obtenue par des mesures de conductimétrie, en fonction du temps et de la hauteur de la colonne de mousse (5 niveaux) pour chacune des 56 conditions. Une approche statistique multivariée par analyse en composantes principales (PCA) nous a permis d'analyser ce jeu de données volumineux. Ainsi, notre approche est originale de par sa multidimensionnalité.

D'un point de vue méthodologique, nous avons mis en évidence une stabilité globale de la mousse (qui ne dépend pas de la hauteur de la mousse) et une stabilité locale (qui distingue la stabilité de la mousse selon la hauteur). Les mousses de WPI se déstabilisent majoritairement par drainage puisque la fraction liquide des mousses décroit en fonction selon une loi puissance du temps. Nous avons également observé un effondrement des mousses de WPI par avalanche d'évènements de coalescence à des fractions liquides qui dépendent des conditions expérimentales. Nous n'avons pas pu exploiter ces informations au sein de l'analyse multivariée par PCA. Cependant, nous avons formulé des hypothèses de travail (section 2).

Un des résultats marquants concerne l'effet du pré-conditionnement des poudres sur la stabilité des mousses contre le drainage. Deux semaines à température ambiante lors de l'ajustement de l'aw de la poudre suffisent à générer d'importants changements de la stabilité des mousses.

Les effets de l'étuvage sur la stabilité des mousses, sont complexes, de par les interactions entre les paramètres aw, pH avant déshydratation, teneur en lactose et durée de chauffage. Nos résultats suggèrent qu'un étuvage long (125 h) à pH 5,0 et pH 6,5 détériore les propriétés moussantes et

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 48 davantage encore en présence de lactose. Par opposition, l'étuvage à pH 3,5 améliore la stabilité des mousses. Nous pensons que le pH 3,5 protège contre la réaction de Maillard, permettant ainsi de limiter l'effet détériorant de la réaction de Maillard sur la stabilité des mousses. Des changements dans les propriétés interfaciales des protéines sont envisagés. Les analyses complémentaires (section 2), nous amènent à penser que la lactosylation des protéines at pH 3,5 améliore la stabilité des mousses en augmentant les modules visco-élastiques du film interfacial en cisaillement.

La section 1 suivante est un manuscrit accepté à Journal of Food Engineering (Audebert et al., 2018) DOI : 10.1016/j.jfoodeng.2018.08.029.

Introduction

Liquid foams are concentrated dispersions of gas bubbles in a liquid continuous phase. They are thermodynamically unstable, due to destabilisation processes such as liquid drainage, disproportionation and coalescence. Foam drainage is the flow of liquid under the influence of gravity.

It leads to foam drying, which promotes the rupture of thin liquid films separating adjacent bubbles, namely coalescence events. Disproportionation is the surface-tension-driven gas exchange from small to large bubbles due to the difference in internal pressure (Laplace's law), favouring the growth of the average bubble size with time. Their limitation is crucial to obtain a better foam stability (Cantat et al., 2013).

Due to their amphiphilic nature, proteins adsorb to hydrophobic interfaces. At the air-water interface and in aqueous foams, they can reduce surface tension and form a visco-elastic interfacial film surrounding the gas bubbles, thus helping the formation and stabilisation of foams. Protein foam formation depends on their surface activity and their adsorption kinetics, while foam stability depends on the film mechanical properties (Narsimhan and Xiang, 2017). Protein foam structure can be described at different length scales. First, an adsorbed protein layer (≈10 -10 -10 -8 m) separates the solution from air. Second, neighbouring bubbles are separated by a liquid film, or lamellae (≈10 -8 -10 -6 m), with two air-water interfaces. Third, three films junction forms a canal called Plateau border (≈10 - 6 -10 -4 m) (Cantat et al., 2013).

In food sciences, measurements of protein foam stability generally integrate the consequences of all the instability mechanisms in a global stability, such as the time at which the first drop drains or the cumulative weight of drained liquid as a function of time (Nicorescu et al., 2011). In the present study,

we developed an original methodology to characterise in more details the protein foam stability against drainage, by transposition of a foam physics approach. More precisely, we analysed whole time and height profiles of liquid fraction in foams, in conditions where drainage is the prominent destabilisation mechanism. Multivariate statistics were used to extract essential information from the whole data set.
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After cheese and casein manufacturing, a fluid called whey remains, mainly composed of water, lactose (4.8 %) and protein (0.7 %). Whey is processed by separation technologies and dried into food ingredients such as whey protein isolates (WPI) (>90 % of protein). In WPI, the main proteins are βlactoglobulin (β-lg) and α-lactalbumin (α-la) (Ortega-Requena and Rebouillat, 2015). Whey proteins have attracted considerable interest because of their high nutritive value and functional properties.

Their use in food formulation is based on their aptitude to increase viscosity, gelling, water binding, emulsion or foam stability (Ortega-Requena and Rebouillat, 2015). They are found in a large diversity of aerated food products like aerated desserts, whipped cream, and cappuccino foam (Narsimhan and Xiang, 2017).

Whey protein heating is a commonly used processing operation for changing techno-functionalities.

Heating denatures proteins which enhances the exposition of buried hydrophobic amino acid residues.

Then, aggregation of proteins can occur by covalent bonding and hydrophobic interactions [START_REF] Anema | Chapter 9 -The Whey Proteins in Milk: Thermal Denaturation, Physical Interactions, and Effects on the Functional Properties of Milk[END_REF]. The coexistence of non-aggregated and aggregated proteins is important for foaming properties.

Non-aggregated proteins contribute to the foam formation because they adsorb quickly at the interface.

Aggregated proteins, depending on the structure and the size, can modify the bulk rheology and slow down the drainage by their presence in the Plateau borders (Fameau and Salonen, 2014). In the case of in-solution heating of WPI, Schmitt et al. (2014); Lazidis et al. (2016) have demonstrated that specific aggregates, called microgels, greatly increase foams stability through a reduced drainage, by increasing the bulk viscosity. Aggregates may also contribute to interfacial layer properties (Fameau and Salonen, 2014). Indeed, interfacial rheology is a key factor in foam stability (Narsimhan and Xiang, 2017).

Dry-heating of egg white powder is commonly applied to maintain the microbiological quality and improve foaming and gelling properties (Boreddy et al., 2016). In comparison with heating of liquid solutions, dry-heating of protein powders is a way to disconnect proteins denaturation and aggregation and also to obtain different protein structural modifications (Desfougères et al., 2011b;Gulzar et al., 2011b;Povey et al., 2009). Indeed, Desfougères et al. (2011b) showed that slight structural modifications of lysozyme are sufficient to greatly improve interfacial properties and foam stability.

Usually, molecular motion is reduced in powders because of their amorphous glassy state at room temperature. Consequently, reaction kinetics are considerably slowed. The powder water activity (aw) is a crucial parameter. As an example, the denaturation temperature of proteins in a WPI powder is 175°C, 163°C and 132°C at aw 0.11, 0.23, 0.53 respectively (Zhou and Labuza, 2007a). Dry-heating time and pH prior to dehydration also affect both the type and kinetics of reactions in a WPI powder, and its gelling (Gulzar et al., 2011b(Gulzar et al., , 2012)). The lactose content in WPI also plays a key role in functional properties (Guyomarc'h et al., 2015). The Maillard reaction occurs in dairy products subjected to heat treatment, drying or storage. The first step is the lactosylation: lactose condenses

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 51 with a protein amino group to form a Schiff base. In a later stage, a complex form of non-enzymatic browning is produced (Arena et al., 2017).

Dry-heating could be a way to improve the techno-functionality of WPI. However, only a few investigations on the foaming properties of dry-heated whey proteins have been reported. Some report that the effect of dry-heating on the foaming properties of WPI powder strongly depends on the dryheating conditions (time, temperature, aw) [START_REF] Radwan | Improvement of the Surface Functional Properties of β-Lactoglobulin and α-Lactalbumin by Heating in a Dry State[END_REF]Norwood et al.,2016). The effect of dry-heating of β-lg powder with sugars on foam stability depends also on the sugar nature (Medrano et al., 2009;Corzo-Martínez et al., 2012). Thus, in this study, we examined the effect of parameters like time, aw, pH prior to dehydration and lactose content on the WPI foaming properties. Our multifactorial experimental design allowed us to highlight the complex interactions between parameters.

The originality of our experimental approach consist of i) the multifactorial experimental design, ii) the bi-dimensional monitoring of foam stability as a function of both time and height and iii) the multivariate statistical analysis of the data set.

Materials and Methods

Powder characterisation

A unique batch of whey protein isolate (WPI) powder was used for all the experiments. It was obtained by spray-drying a whey protein concentrate isolated from milk microfiltrate by ultrafiltration and diafiltration, as described by Chevallier et al. (2018).The nitrogen content (TN), non-protein nitrogen (NPN) and non-casein nitrogen (NCN) of the powder were determined by the Kjeldahl method (Schuck et al., 2012). The protein content was calculated by (TN-NPN) × 6.38 (eq. 1). The amount of casein or insoluble proteins at pH 4.6 was measured by (TN-NPN-NCN) × 6.38 (eq. 2).

Free lactose in the WPI powder was measured by ion-exchange high performance liquid chromatography (HPLC, Dionex, Germering, Germany) using an Aminex A-6 column (Biorad, St Louis Mo., USA) and a differential refractometer (model RI 2031 plus, Jasco).The oven was kept at 60°C and the elution flow was 0.4 mL•min -1 using 5 mM H2SO4 .

The WPI powder contained 95.0 ± 0.2 % (w/w) of proteins (calculated from eq. 1), among which 9.40 ± 0.04 % (w/w) of caseins or insoluble proteins at pH 4.6 (calculated from eq. 2), and 2.00 ± 0.02 % (w/w) of free lactose.

Preparation of dry heated powders 1.2.2.1 Sample preparation

Spray-dried WPI was dissolved in 15 mΩ resistivity osmosed water at a 7 % protein concentration. A part of samples (name prefixed with "D" in the following) was dialysed against water to reach 0.2 %
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IV.1). The other part of samples (name prefixed with "L") was kept at their initial lactose content 2 % (w/w). Each sample was adjusted at pH 4.6 with 12 N HCl and centrifuged for 30 min at 9000×g. The supernatant contained a residual amount of caseins and proteins insoluble at pH 4.6 of 5.89 % (w/w) calculated from eq. 2. Then, the pH of the solution was adjusted to 3.5, 5.0 or 6.5 using 12 N HCl or 12 N NaOH, and then lyophilised. 3) were also freeze-dried at pH 3.5 and 6.5, respectively. Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 53

Experimental design

A multifactorial experimental design was built with pH, aw and dry-heating time as variables. Since the complete design would need 45 combinations (3 pH × 3 aw × 5 time periods), a fractional design of 20 conditions were selected by a backward selection algorithm, based on the maximisation of the information matrix determinant (D-efficiency), with the Statgraphics software (Statgraphics Technologies, Inc).

To focus on samples adjusted at pH 3.5, and to obtain a complete design in this condition, 8 trials were added to the formerly described fractional design. The resulting overall design consisted of 28 trials.

This design was used with and without lactose separately, leading to 56 conditions (including 30 conditions at pH 3.5). For all of them, experiments have been at least duplicated. For some of them, experiments have been repeated 3 times or more. Including repetitions, 143 foams have been studied. Powders were dissolved in ultrapure water at a protein concentration of 1.9 g/L. Each solution was then dialysed against water, in order to suppress ionic strength differences between samples. During dialysis, pH drifted toward the average isoelectric point of whey proteins, close to 5.0 ± 0.2. After dialysis, pH was adjusted to 7.0 (NaOH 1N).

Foam generation and drainage rate

Foams were obtained by bubbling air into the protein solution (40 mL) through a porous glass disk placed at the bottom of a column until contact of the foam with the top e01 electrode (Fig.

IV.2). The
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IV .3). The conductivity of a freshly-produced foam was measured by an impedance meter operating at a frequency of 1 kHz and voltage level of 1.0 V. The liquid volume fraction φ (φ= 𝑉liquid / 𝑉foam) at each electrode position was measured using the empirical relationship of Feitosa et al. (2005):

φ= 3𝜒(1+11𝜒)
1+25𝜒+10𝜒 2 (eq. 3)

where 𝜒 was the relative conductivity 𝝌foam/𝝌solution.

The liquid fraction φ in the foam was monitored for each electrode (at different column heights) as a function of time (Fig. IV.4). Liquid drained from the top to the bottom of the foam because of gravity.

Thus, a gradient of liquid fraction took place along the height of the foam column and the foam was dryer at the top. In this situation, called free drainage, the evolution of the liquid fraction at a given height finally reached a power-law regime, on timescales much longer than the initial foaming time (Koehler et al., 2000;Saint-Jalmes and Langevin, 2002):

φ∝ 𝑡 -𝛼 (eq. 4)
where α is the free-drainage exponent. When t tends to the foaming time, there is a cut-off and φ tends to its initial value.

In other words, when drainage was the only instability phenomenon occurring in the foam, the liquid fraction evolved linearly with time in log-log representation. The exponent α describes the drainage rate (Fig. IV.4). The lower α, the higher the foam stability against drainage. Among the electrodes pairs, only e03, e04, e05, e06 and e07 were selected for data analysis. e01, e02, e08, e09 and e10 were excluded because of boundary conditions (capillary liquid holdup at the bottom and finite size effects on the top of the foam) (Saint-Jalmes, 2006).
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PCA was performed separately on the data set obtained from the fractional design (143 foams corresponding to 56 combinations of pH, aw, heating time and lactose) and on the complete design at pH 3.5 (76 foams corresponding to 30 combinations of aw, heating time and lactose).
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Analysis of Variance

Analysis of variance (ANOVA) was used to test the effects of parameters (pH prior to dehydration, aw of powders, dry-heating times and lactose content), treated as qualitative, categorical variables, on foam coordinates (scores) on the first two principal components PC1 and PC2. The normal distribution of the data and the homoscedasticity of the samples were checked. Main effects and second order interactions have been taken into account. Only effects significant at the p<0.01 level have been considered and will be discussed. ANOVA was performed using the R software package (R Core Team, 2017). After bubbling was stopped, typically after less than 1 min, the liquid fraction decreases, reflecting foam destabilisation. If drainage is the main destabilisation process operating, the liquid fraction in foam decreases as a power law of time (Koehler et al., 2000;Saint-Jalmes and Langevin, 2002), illustrated by a linear decrease in log-log representation, and the time exponent reflects the drainage rate. However, after a variable period of time, depending on the electrode and sample, a deviation of this power law regime occurs. In Fig. IV.4b, for bottom electrodes (e05, e06 and e07), curves have a pronounced rounded shape, followed by a faster liquid fraction decrease. On Fig. IV.4a, bumps just before 1000 s are visible, corresponding to abrupt water flows from above in the column. So, the drainage is probably coupled with film rupturing (locally popped bubbles and/or disproportionation).

Results

A new approach for proteins foams properties

Moreover, collective coalescence events, marked by an important decrease of liquid fraction for a very short time, are visible at quite high liquid fraction (1 %) as compared to what is usually found for low molecular weight (LMW) surfactants (Carrier and Colin, 2003). However, electrodes at the top, such as e03, seem more suitable for drainage rate measurements with weak disruption by other instability mechanisms. Finally, this method displays foam variability along the height of the column and between samples.

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 57 To illustrate the respective meanings of PC1 and PC2 as regards foam profiles, we reconstituted imaginary foams located arbitrarily at coordinates (±2×σ1, 0) and (0, ± 2×σ2), where σ1 and σ2 are the standard deviations of the sample scores on PC1 and PC2, respectively. In other words, 95% of the samples are between the imaginary samples A and B (for PC1) or C and D (for PC2), assuming a normal distribution. Comparing the corresponding reconstituted, imaginary foam profiles allow to sensibly interpret location on the factorial maps, i.e. scores on PC1 and PC2 in terms of foam stability.
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Dry-heating parameters effects on foam stability

Table IV.1 presents the significant main effects and their second order interactions, on the coordinates of the samples on PC1 and PC2. The ANOVA estimates and standard errors are given in supplementary materials (Tables A andB).

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 61 Taking into account all variables and interactions, the R 2 of the models for PC1 and PC2 are 45.42 % and 60.85 %, respectively. These quite medium R² scores may be due to the significance of higher order interactions that could not be estimated, due to the use of a fractional experimental design. For the same reason, some interaction estimates on PC1 (pH 3.5:1 h, pH 5.0:1 h, pH 5:25 h) and PC2 (pH 3.5:1 h,pH 5.0:1 h, pH 5.0:25 h and pH 5.0:5 h) could not be calculated (supplementary data).

Thus, the corresponding experimental conditions, shown as greyed cells in Considering the particular results obtained with samples adjusted to pH 3.5 before dry-heating, the experimental design was completed with samples missing at this pH.

Foam stability at pH 3.5

The data about foam stability from the complete experimental design at pH 3.5 were also analysed independently using PCA. The corresponding results are presented in supplementary data (Fig. A).

The first two principal components at pH 3.5 can be interpreted in the same way as in the case of the fractional design (see 3.1), i.e. PC1 as the global stability of the foam and PC2 as the local stability at the top on the foam. In the following section, only the global foam stability will be considered. The proportion of variance accounted for by PC1 is 49.7 %. As in the case of the overall fractional design, increasing scores on PC1 also corresponds to an increase in the global foam stability. The parameter

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 63 effects on PC1 scores were also evaluated using ANOVA. Table IV.2 shows significant parameter main effects (aw, time) and interactions (aw:time, time:lactose). C). For short dry-heating (0 and 1 h), lactose enhances foam stability. However, the highest foam stability is obtained after 125 h of dry heating, whatever the lactose content. However, the increase in foam stability is not monotonous, since dry-heating for 5 h with high lactose content strongly decreases the foam stability.

The focus on data at pH 3.5 thus shows that in these conditions, extended dry-heating significantly increases the global foam stability.

Discussion

Principal component analysis of liquid fractions time-and height-profiles allows a detailed comparison of foam stabilities

Monitoring the variation of the liquid fraction φ by electrical conductivity measurements is reported in the literature for drainage rates (Koehler et al., 2000;[START_REF] Carey | Free drainage of aqueous foams stabilized by mixtures of a nonionic (C12DMPO) and an ionic (C12TAB) surfactant[END_REF][START_REF] Daugelaite | Quantifying liquid drainage in egg-white sucrose foams by resistivity measurements[END_REF] and coalescence events measurements (Carrier and Colin, 2003). However, it has been mainly

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 64 applied to low-molecular-weight (LMW) surfactants foams, which are simpler systems than protein foams. The drainage exponents α inform about both flows at the bubble interface and within the Plateau borders. In our experiments, drainage exponents for whey protein are of the order of α≈0.80-1.10 which correspond to immobile interfaces, with slow drainage (Koehler et al., 2000;Saint-Jalmes and Langevin, 2002). Conversely, LMW surfactants usually provide mobile interface and an exponent of α ≈2 (Koehler et al., 2000;Saint-Jalmes and Langevin, 2002). Recently, [START_REF] Daugelaite | Quantifying liquid drainage in egg-white sucrose foams by resistivity measurements[END_REF] had the same approach for egg-white protein foams. They also obtained low drainage exponents (α ≈0.5-1).

In contrast with forced drainage experiments, used in some of the above-mentioned works, drainage experiments performed in our study are called "free drainage" because the initial liquid fraction gradient is not counterbalanced by re-wetting from the top (Koehler et al., 2000). Consequently, we showed that the liquid fraction time-profiles of whey protein foams are not uniform along the height of the foam column. Indeed, the foam starts draining as soon as it is formed. In addition, as evidenced by non-linear time-profiles (in log-log plots), drainage and coalescence occur simultaneously. Thus, the water flow at any layer of the foam integrates what happens above, and that is why the top electrode pair (e03) generally shows a more linear time-profile than the other ones, which is suitable for a drainage study. Since the time-profiles are not uniform along the height of the foam, it is necessary to study simultaneously the height-and time-profiles of foam liquid fractions. The large amount of resulting data motivates the use of multivariate statistical analysis, such as principal component analysis (PCA).

Interestingly, this approach clearly shows that foam stability has a 'global' dimension (which does not depend on the height), and a 'local' dimension (which distinguishes the time-profiles of top and bottom electrodes). The former is illustrated by our PC1, the latter by our PC2. However the technique we used also gives information about foam density and foam formation, which also contribute to PC1 and PC2, making the analysis slightly more difficult.

In the present work, a focus was made on the stability of foams against drainage. Nevertheless collective coalescence events were also observed (Fig. IV.4). Bubble coalescence represents a process of thin liquid film rupture between two neighboring bubbles. Factors such as disjoining pressure, film lamella thickness or surface elasticity control the foam stability against coalescence (Narsimhan and Xiang, 2017). In our study, the ionic strength of protein solutions was low. In such conditions, β-lg shows higher film thickness and disjoining pressure, and lower surface elasticity than at high ionic strength [START_REF] Gochev | Electrostatic stabilization of foam films from β-lactoglobulin solutions[END_REF]. This is probably due to unscreened electrostatic repulsions between protein molecules inside the interfacial layer, as well as between the two interfacial layers of the liquid lamella. The occurrence of collective coalescence could then be explained by the low surface elasticity of adsorbed protein films.
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aw pre-conditioning at room temperature significantly impacts foam stability

To control aw, it was necessary to pre-condition powders at 20 °C for two weeks in the presence of saturated salt solutions. Surprisingly, our results clearly show that this pre-conditioning significantly changed foaming properties, even in the absence of any heat-treatment (Fig It has been shown that dairy powders stored under solid state may indeed undergo physico-chemical changes with time, like Maillard reaction and oxidation (Rao et al., 2016). These changes occur close to or above the powder glass transition temperatures (Tg), or after long storage time as compared to the time scale of molecular diffusion (Rao et al., 2016). The monitoring of aw is crucial since the glass transition temperature Tg of dehydrated milk products decrease from 60°C to 0°C with the increase of aw from 0.1 to 0.5. The temperature Tg also depends on sugar content (Thomas et al., 2004). In our study, powder lactose content was involved in foam stability changes (Fig condensation between sugar and protein amino groups (glycation)), this chemical modification may be proposed to impact their foaming properties. According to Thomas et al. (2004), nearly all the β-lg is lactosylated after one week of storage (aw 0.45 at 37°C). Even at low temperatures in milk powders, lactosylation occurs especially when storage temperature exceeds 20°C.

However, our statistical analysis revealed that lactose acts differently on foaming properties depending on pH. Indeed, lactose improved foam stability at pH 3.5 but decreased it at pH 6.5 and aw 0.52.

Consistently, pH effects on protein powder glycation have already been observed (Povey et al., 2009;Thomsen et al., 2012).

Moreover, other modifications could be considered during storage of WPI such as copolymer formation of α-la and β-lg due to free sulfhydryl group oxidation and exchange between proteins [START_REF] Alting | Number of thiol groups rather than the size of the aggregates determines the hardness of cold set whey protein gels[END_REF]Thomas et al., 2004).

Finally, complex interactions between the pH, aw and lactose could explain the changes of foaming properties for samples that have not been dry-heated, even at short storage time at 20 °C. Considering, the results of this study, to keep good foaming properties, lactose content of WPI powders should be reduced, or WPI powder pH and/or aw should be decreased. Otherwise, the manufacturers could also store dairy powders at 4°C according to Norwood et al. (2016) in order to preserve protein functional properties. Indeed, the control of whey protein aggregation is perturbed by WPI powder ageing . Up to date, dairy powder ageing remains an industrial concern, responsible for uncontrolled technofunctional variability [START_REF] Haque | Effects of Protein Conformational Modifications, Enthalpy Relaxation, and Interaction with Water on the Solubility of Milk Protein Concentrate Powder[END_REF][START_REF] Nasser | Influence of storage conditions on the functional properties of micellar casein powder[END_REF].
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Our study shows that extensive dry-heating (125 h) leads to a wide range of global foam stability, depending on the powder properties (Fig. IV.6a). In statistical terms, this is reflected by complex interactions between parameters, especially pH:time.

That complexity in parameters effects on foam stability suggests a parallel with the complexity of pH and heating time effects on structural and biochemical changes in WPI: mechanisms and kinetics of aggregation, lactosylation, extent of Maillard reactions (Gulzar et al., 2012;Guyomarc'h et al., 2015).

Such structural changes and aggregation conditions have been shown to impact foam stability (Rullier et al., 2008;Fameau and Salonen, 2014). ). This observation suggests the existence of a significant statistical three-way pH:time:lactose interaction, which could not be evaluated due to the choice of a fractional experimental design. Indeed, Guyomarc'h et al. (2015) showed that Maillard reaction products are involved in the formation of aggregates differently depending on the WPI pH prior to dry-heating. Acidic conditions have been shown to limit Maillard reaction, both in powders (Guyomarc'h et al., 2015) and solution (Wang et al., 2013).

High aw values may favour chemical reactions, promoting both lactosylation and complex Maillard products. It seems that parameters that are favourable to Maillard reaction (lactose, high pH and aw) decrease foam stability. However, it is worth noting that when this reaction is limited (at pH 3.5), dryheating increases foam stability even with high lactose content and high aw.

Our study also shows that extensive treatment (125 h) improves the local stability against drainage at the top of the foam, as reflected by high scores on PC2. A possible explanation is that aggregates probably act as obstacles to liquid flow during the confinement inside the foam (Fameau and Salonen, 2014).

Still, in our experiments at pH 3.5, even in conditions unfavourable to the formation of aggregates (no or short dry-heating), the local stability was increased. This suggest that interfacial rheology is involved in those observations, as corroborated by the changes in the drainage time exponent, related to interfacial mobility (Koehler et al., 2000;Saint-Jalmes and Langevin, 2002). Thus, a possible explanation is that the drainage is limited at pH 3.5 because of small structural modifications with a large impact on foaming properties.

Finally, bulk properties, through the presence of aggregates restricting the flow, as well as interfacial properties, through the interfacial rheology, could both explain the extent in the observed variations of the drainage exponent α.

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 67 Thus, WPI dry-heated at pH 3.5 could be used as a foam stabiliser for ice-cream, coffee whitener or meringues applications [START_REF] Suthar | High Protein Milk Ingredients -A Tool for Value-Addition to Dairy and Food Products[END_REF]. Nevertheless, conditions promoting extensive Maillard reaction may also reduce foaming properties, thus justifying a de-sugaring process step, as commonly performed in egg white industrial processing [START_REF] Campbell | Modification of functional properties of egg-white proteins[END_REF].

Conclusions

In the present work, we examined the effect of powder dry-heating time, under controlled physicochemical conditions (aw, pH prior to dehydration and lactose content), on whey protein foam stability. Principal component analysis of the liquid fraction time-and height-profiles of about 150 whey protein foams allows a detailed comparison of foam stabilities. Interestingly, this sensitive approach clearly shows that foam stability has a 'global' dimension (which do not depend of height), and a 'local' dimension (which distinguishes the time-profiles of top and bottom electrodes).

Interactions between pH prior to dehydration, powder aw, lactose content and dry-heating time at 70°C caused complex effects of dry-heating on foam stability. Extensive dry-heating at pH 5.0 and pH 6.5 lower the global foam stability and the effect strengthens with lactose content. Nevertheless, dryheating at pH 3.5 preserves the foam stability, including for extended dry-heating. We propose that pH 3.5 has a protective effect against Maillard reactions, which are detrimental to foam stability, as compared to pH 5.0 and 6.5. Surprisingly, storage of powders for two weeks at room temperature prominently impacted foaming properties. These results suggest that even in the absence of a thermal treatment of the powder, protein structural changes and modifications of interfacial properties may occur. Our findings point at the need for a thorough characterisation of protein structural and biochemical changes in WPI during storage and upon dry-heating. Such a characterisation is in progress. Relating foaming properties to protein features remains a crucial challenge. (Intercept) pH3.5 pH5 aw 0.12 aw 0.52 1h 5h 25h 125h pH3.5: aw 0.12 pH5: aw 0.12 pH3.5: aw 0.52 pH5: aw 0.52 pH3.5:1h pH5:1h pH3.5:5 pH5:5h pH3.5:25h pH5:25h pH3.5:125h pH5:125h aw 0.12:1h aw 0.52:1h aw 0.12:5h aw 0.52:5h aw 0.12:25h aw 0.52:25h aw 0.12:125h aw 0. *Significant effect at p-value < 0.05; **Significant effect at p-value < 0.01; ***Significant effect at p-value < 0.001 Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 70

Supplementary data

Complementary studies

As discussed previously, pre-conditioning and dry-heating at pH 3.5 are interesting conditions as regards local and general foam stability. For this reason, the following studies have been made at pH 3.5. We would like to draw the reader's attention on the avalanche of coalescence event, which have been observed previously (section 1.3.1) for WPI foams. To go further in the explanation of changes in drainage rates, we also performed interfacial shear rheology measurements. We can see in Fig. IV.11 that foams drain until reach a critical liquid fraction, whose value depends on the experimental conditions, and, then, collective coalescence events occurs. In agreement with some authors, a coalescence event corresponds to the liquid film rupture between two bubbles and can be propagated to the neighbourhood liquid films similar to avalanches (Ritacco et al., 2007a;Rio and Biance, 2014). As observed by Carrier and Colin. (2003), coalescence occurs at a threshold liquid fraction. It should be noted that this observation is quite new, since LMW surfactant foams usually drain down to very low liquid fraction, which prevents the observation of coalescence avalanches and foam collapse.

Observation of coalescence avalanche

Though the dataset after 1422 s could not be analysed by PCA due to the data truncation, a tendency could be observed. Foams with high score on PC2, in particular for the samples dry-heated for 125 h, have a low drainage rate, but avalanche of coalescence appears at a high critical liquid fraction. Thus,
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Interfacial shear rheology

Our results have shown that modifications of interfacial properties may occur with dry-heating, due to Repulsive forces between the interfacial protein layer, below and above the isoelectric pH, have been shown to decrease the interfacial dilatational properties (Engelhardt et al., 2013). We think that the residual salts in the protein solutions are not sufficient to screen the repulsive forces between proteins at the interface. Thus, interactions between proteins at the interface are weak, resulting in low interfacial shear moduli. It should be noted that the same protein solution yields high interfacial dilatational visco-elasticity (E'≈ 30 mN/m and E''≈8 mN/m).

In the following investigations, interfacial shear moduli were measured for different WPI powders reconstituted with 100 mM NaCl (Fig. IV.13). Interestingly, the lactose content during the preconditioning is prominently involved in the changes of interfacial properties. Higher lactose content

Chapter IV Screening of dry-heating parameters and characterisation of the foam stability against drainage 72 gives rise to stronger visco-elastic film. Dry-heating at pH 3.5 modifies the kinetic of film formation.

In addition, the interfacial loss modulus G'' is higher at short measurement times for dry-heated samples. These results are consistent with the foam stability against drainage obtained previously (Fig.

IV.10 p.63). We showed a higher foam stability for WPI preconditioned at pH 3.5 with high lactose content and the best foam stability with 125 h dry-heating at pH 3.5. Thus, high shear viscosity is correlated with low drainage rate. We think that lactose, through protein lactosylation, is involved in the improvement of foam stability at pH 3.5, due to the increase of interfacial shear properties.

However, the low interfacial shear viscosity with dialysed solution apparently does not imply that the interfacial shear properties are low in the foam. Indeed, the setup for interfacial rheology measurements is probably different from confined interstices within the foam. Thus, foams seem more sensitive than interfacial shear rheometry to changes in the interfacial rheology. 

Introduction

Whey proteins, mainly composed of β-lactoglobulin (β-lg) and α-lactalbumin (α-la), can be used for their functional properties. A considerable amount of research has been conducted on the denaturation/aggregation of whey protein by heat treatments in order to produce high protein tailormade ingredients (Schmitt et al., 2007;Dissanayake and Vasiljevic, 2009;Nicolai and Durand, 2013;Schmitt et al., 2014;Dombrowski et al., 2016).

The whey protein heating mode, either heating in solution or dry-heating of a powder, influences the extent of denaturation/aggregation. Indeed, due to the relatively low water activity (aw) of powders, proteins are more stable against heat denaturation in the powder state. Denaturation temperatures of are 167 °C in the powder state (aw 0.23) and 78 °C in solution (Zhou and Labuza, 2007;Rao et al., 2016). Interestingly, dry-heating may preserve the native tri-dimensional structure in comparison with solution (Morgan et al., 1999b).

Whey protein dry-heating induces chemical modifications, such as hydrolysis, dehydrations, deamidation, or cyclisations of residues (Gulzar et al., 2011a(Gulzar et al., , 2011b(Gulzar et al., , 2013)), or conformational changes [START_REF] Radwan | Improvement of the Surface Functional Properties of β-Lactoglobulin and α-Lactalbumin by Heating in a Dry State[END_REF]Morgan et al., 1999b). Extensive dry-heating leads to the formation of soluble or insoluble aggregates by intermolecular cross-links and oxidation of sulfhydryl groups

Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 80 (Gulzar et al., 2011b). Parameters such as the temperature and time of the dry heating, the pH prior to dehydration and the powder aw, condition the nature and the extent of these modifications. In addition, dry-heating of whey proteins in the presence of sugars is an efficient way to produce glycated proteins [START_REF] Schong | Dry heating of whey proteins[END_REF]. Glycation of proteins, which is the early stage of the Maillard reaction, corresponds to the condensation of carbohydrates with the amino groups of proteins. Later stages produce advanced-glycation end-products, characterised by a browning colouration (Arena et al., 2017).

Proteins are used in food processing to stabilise foams. Liquid foams, formed of air bubbles dispersed in a continuous liquid phase, are thermodynamically unstable. Destabilisation processes occur and disturb foams. Drainage, which is the flow of liquid under the influence of gravity through the network of films and Plateau borders, is such a process (Cantat et al., 2013). Due to their amphiphilic nature, proteins adsorb and unfold at liquid hydrophobic interfaces, lower the surface tension and form a viscoelastic interfacial film. In addition, proteins may modify the interaction forces between adjacent bubbles by electrostatic and steric repulsions and increase the bulk viscosity (Narsimhan and Xiang, 2017).

Interestingly, the structure and aggregation state of protein can drastically modify the foam stability against drainage. However, the causal relationship between protein features and foam properties remain partially understood. Slight conformational changes of whey proteins by partial unfolding may improve foam stability (Dissanayake and Vasiljevic, 2009). A study by Mackie et al. (1999) has

shown different interfacial properties (adsorption and surface dilatational modulus), between the A and B genetic variants of β-lg, which differ only by two amino acids residues.Whey proteins aggregates may also enhance foam stability, by increasing bulk viscosity or by their interfacial properties (Dombrowski et al., 2016). In the general case, the ratio of non-aggregated and aggregated proteins is essential as regards foam stability and foam capacity (Zhu and Damodaran, 1994;Rullier et al., 2008).

Some studies have demonstrated that glycated proteins, obtained by powder dry-heating, exhibit enhanced foam stability (Hiller and Lorenzen, 2010b). Glycation may increase the thickness and viscoelastic properties of the interfacial layer and improve the water-holding capacity of proteins.

However, the impacts of protein glycation depend on the protein structure (globular, disordered), Elucidating the consequences on the structure of whey proteins of dry-heating parameters such as the content in lactose, the pH prior dehydration, the dry-heating time and the aw of the powder is crucial.

Understanding and controlling the influence of these factors and their possible interactions constitute a

Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 81 stake for the quality and functionality of dry-heated proteins. Thus, one of our goals is to study the effect of dry-heating parameters on WPI structure. In addition, we also aim at finding structurefunction links with data about foam stability against drainage, recently made available (Audebert et al., 2018).

Materials and Methods

Materials 1.2.1.1. Powder characterisation

Whey protein isolate (WPI) powder was obtained by spray-drying a whey protein concentrate isolated from milk microfiltrate by ultrafiltration and diafiltration as described by Chevallier et al. (2018).The nitrogen content (TN), non-protein nitrogen (NPN) and non-casein nitrogen (NCN) of the powder were determined by the Kjeldahl method (Schuck et al., 2012). The protein content was calculated by (TN-NPN) × 6.38 (eq. 1). The amount of casein or insoluble proteins at pH 4.6 was measured by (TN-NPN-NCN) × 6.38 (eq. 2). Free lactose in the WPI powder was measured by ion-exchange high performance liquid chromatography (HPLC, Dionex, Germering, Germany) using an Aminex A-6 column (Biorad, St Louis Mo., USA) and a differential refractometer (model RI 2031 plus, Jasco).The oven was kept at 60 °C and the elution flow was 0.4 mL•min -1 using 5 mM H2SO4.

We determined that WPI powder contained 95.00 ± 0.19 % (w/w) of protein, of which 9.40 ± 0.04 % (w/w) was caseins or insoluble proteins at pH 4.6, and 2.00 ± 0.02 % (w/w) free lactose.
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Preparation of dry-heated powders

Each sample was adjusted at pH 4.6 (12 N HCl) and centrifuged 30 min at 9000×g. The supernatant contained a residual amount of caseins and insoluble proteins at pH 4.6 of 5.89 % (w/w), calculated from eq. 2. Then, the solution was adjusted to pH values of 3.5, 5.0 or 6.5 using 12 N HCl or 12 N NaOH, and then lyophilised. Lyophilised powders were adjusted to water activities of 0.12, 0.23, or 0.52 by storage for two weeks at room temperature in desiccators containing saturated LiCl, MgCl2 or Mg(NO3)2 solutions, respectively. Water activity of commercial dairy powders is usually close to 0.23.

The water activity of powders before and after dry-heating was checked by an aw-meter (Novasina, Axair Ltd, Switzerland). Powders were then dry-heated at 70 °C for 0, 1, 5, 25 or 125 h in hermetically sealed bottles. To focus on samples adjusted at pH 3.5 prior to dry-heating, and to obtain a complete design in this condition, 8 trials were added to the formerly described fractional design. The resulting overall design consisted of 28 trials. This design was used with and without lactose separately, leading to 56 conditions (including 30 conditions at pH 3.5).

Experimental design

Size-exclusion high-performance liquid chromatography

High-performance size-exclusion chromatography was carried out using a TSK gel G 3000 SWXL column (Phenomenex, France) connected to a high-performance liquid chromatography (HPLC) apparatus comprising a Waters 2695 separation system, a Waters 2489 double wavelength detector and Empower (Milford, USA) acquisition. The protein elution flow-rate applied was 1.0 mL•min -1 using a 20 mM phosphate buffer at pH 6.9 containing 0.1 M NaCl. Proteins were detected at 214 nm.

Protein solutions reconstituted in ultrapure water were centrifuged 10 min at 9000×g at pH 7.0 in order to remove insoluble aggregates. Then, the analysis was carried out with 50 μL of a 0.6 g/L protein solution formerly reconstituted in ultrapure water, centrifuged, and diluted 1:1 with the phosphate buffer solution.

Reversed-phase high-performance liquid chromatography

Measurements were carried out with a PLRP-S 300 A column (Agilent Technologies, United

States).The flow applied was 0.2 mL•min -1 with an acetonitrile gradient of buffer A (0.106 % trifluoroacetic acid (TFA) in water) and buffer B (80 % acetonitrile (CH3CN), 0.1 % TFA in water).

The column was equilibrated with 35 % buffer B and linear gradients of 35 to 62 % buffer B in 40 min, then 62 to 100 % in 4 min, and 100 to 35 % in 6 min. Proteins were detected by UV absorption at 214 nm.

Protein samples were prepared as for size-exclusion chromatography (section 3)

Statistical analysis 1.2.4.1. Principal component analysis

Principal component analysis (PCA) is a multivariate statistical method used to extract the main information from a data set, based on correlations between variables. New orthogonal variables, consisting in linear combinations of the initial variables and called principal components (PC), are computed together with the values (scores) of these new, synthetic variables for each observation.

Principal components are usually ordered by decreasing order of variance, in such a way that the first few principal components provide a summary of the variability in the data set. Scores of observations Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 84 on principal components allow to draw similarity maps where each observation is represented by a point (Abdi and Williams, 2010).

In the input of PCA, observations were chromatograms and each chromatograms was described by its absorbance at 214 nm measured as a function of time. PCA have been performed independently (i) on reversed phase chromatograms and (ii) size-exclusion chromatograms.

Prior to PCA, in order to cancel the influence of retention time fluctuations in the chromatogram series, chromatograms were aligned by i) locating five reference peaks in each chromatogram, ii) fitting for each chromatogram a third-order polynomial function transforming the observed retention times into reference times, iii) tranforming for each chromatogram the initial time scale using the fitted function and iv) interpolating each transformed chromatogram so as to get a common time scale for all the chromatograms.

Analysis of variance

Analysis of variance (ANOVA) was used to test the effects of parameters (pH prior dehydration, aw of powders, dry-heating times and lactose content), treated as qualitative, categorical variables, on chromatograms coordinates (scores) on the first two principal components PC1 and PC2.

The normal distribution of the data and the homoscedasticity of the samples were tested. Main effects and second order interactions were taken into account. Only effects significant at the p<0.05 level have been considered and will be discussed. ANOVA was performed using the R software package (R Core Team, 2017)

Tukey's range test

Adjustments for multiple comparisons using Tukey contrasts were performed to test significant mean differences between PCs scores as regards two experimental conditions (p-values <0.05). Data were analysed using the R software package (R Core Team, 2017).

Spearman correlations

Correlations between PCA scores were determined using Spearman's rank correlation test (coefficient rS). Data were analysed using the R software package (R Core Team, 2017).
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Characterisation of the aggregation state of proteins depending on dryheating parameters

To illustrate the respective meanings of PC1 and PC2 in terms of chromatographic features, we reconstituted imaginary chromatograms (A, B, C and D) located at coordinates (±2×σ1, 0) and (0, ±2×σ2), where σ1 and σ2 are the standard deviations of the chromatogram scores on PC1 and PC2, respectively. In other words, assuming a normal distribution, 95% of the samples would be encompassed by the imaginary chromatograms A and B (for PC1) or C and D (for PC2) according to the Normal distribution. 3). Native is eluted between 9.5 min and 10 min. The asymetrical peak reveals that β-lg is in dynamic equilibrium between the monomer and the dimer states during the separation [START_REF] Sakurai | Salt-dependent monomer-dimer equilibrium of bovine beta-lactoglobulin at pH 3[END_REF]. Native α-la is eluted at 10.3 min.

Minor proteins of higher molecular weight as well as oligomers and polymers are eluted the two major peaks.

The reconstituted imaginary chromatograms A and B in Fig. In order to obtain quantitative estimations of the effects of dry-heating parameters and their interactions on structural modifications, an analysis of variance (ANOVA) was performed. The effect on PC1 scores of pH, aw and time are significant (Table V.1). Interestingly, the scores on PC2 are only significantly affected by lactose. The only significant second order interaction is the aw:time interaction for scores on PC1.

To identify significant differences between conditions in scores on PC1, Tukey's test were carried out (Table V.2). It should be noted that Tukey's test for second order interactions could not be calculated because of the fractional experimental design. Samples dry-heated at longer time (25 h and 125 h) and high aw (0.52) have significantly higher scores on PC1. pH 3.5 samples have significantly lower scores on PC1.
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Fig. V.2b.
Finally, the statistical tests validate some tendencies suggested by PCA maps: the pre-conditioning and dry-heating steps induce a displacement of the β-lg equilibrium towards dimerisation, and the formation of oligomers or aggregates. Aggregation is reduced in acidic conditions and increased by longer dry-heating treatments (25 h and 125 h) and higher aw (0.52). A high lactose content displaces the monomer-dimer equilibrium of β-lg towards dimerisation. In comparison with chromatogram A, the reconstituted chromatogram B, illustrative of chromatograms with high scores on PC1, shows lower peak intensities for each native protein, and the formation of hydrophobic molecular species (eluted after 35 min). In addition, the presence of hydrophilic molecular species, eluted at about 30 min, can also be observed, likely to be due to β-lg lactosylations [START_REF] Mulsow | Studies on the impact of glycation on the denaturation of whey proteins[END_REF]. We also observed for three of the 56 conditions, corresponding to extensive dry-heating, a disappearance of native α-la peak, which prevented chromatogram alignment.

Characterisation of the hydrophobic-hydrophilic balance of protein according to dry-heating parameters

For this reason, these three conditions could not be analysed by PCA. Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 90 Concerning reconstituted imaginary chromatograms C and D illustrating the meaning of PC2 (Fig.

V.5b), chromatogram D exhibited lactosylated β-lg and α-la as shoulders on the left side of the peaks, and a more hydrophobic α-la (eluted after 20 min) attributed to the cyclisation of some α-la residues [START_REF] Mulsow | Studies on the impact of glycation on the denaturation of whey proteins[END_REF]Gulzar et al., 2011aGulzar et al., , 2011bGulzar et al., , 2013)).

The factorials map shown in In order to determine the effects of dry-heating parameters and their interactions on the scores on PC1

and PC2, analysis of variance (ANOVA) was used (Table V.3). Effects of dry-heating parameters with significant impact were time, pH, aw and lactose for PC1; time and aw for PC2. V.5). Table V.4 showed that samples dry-heated at longer time (25 h and 125 h) and higher aw (0.52) have significantly higher scores on PC1. In contrast, samples treated in the following conditions: pH 3.5, short-term dry-heating (0 or 1 h) and reduced lactose content, had significantly lower scores on PC1. Samples with longer dry-heating times (25 h and 125h) and higher aw had significantly higher scores on PC2 (Table V.5).

Finally, the pre-conditioning step induces slight structural changes of proteins, mainly lactosylations, whatever the pH prior dehydration. The formation, upon dry-heating, of molecular species with increased hydrophobicity, at the expense of the native proteins, is enhanced by long dry-heating treatments (25 h and 125 h), high aw (0.52) and the presence of lactose. However, heat treatment at pH 3.5 had a limited effect. In addition, the proteins undergo also important structural changes (lactosylations and higher surface hydrophobicity) during dry-heating more likely at longer dryheating times and higher aw.

Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 91 Our findings suggest slight changes of proteins compatible with lactosylations and cyclisations of some α-la residues of β-lg and α-la [START_REF] Mulsow | Studies on the impact of glycation on the denaturation of whey proteins[END_REF]Gulzar et al., 2013;E. -A. Norwood et al., 2016). A surprising result is the significant change of the monomer-dimer equilibrium of β-lg towards dimerisation with higher lactose content. [START_REF] Bouhallab | Formation of Stable Covalent Dimer Explains the High Solubility at pH 4.6 of Lactose-β-Lactoglobulin Conjugates Heated near Neutral pH[END_REF] have described the formation of β-lg dimers with heating due to the lactosylation of β-lg. Thus, the lactose-binding protein could stabilise this equilibrium towards a β-lg dimer state.

Even if these slight changes represent a low part of the total variability, they are the main source of variability for the pre-conditioned samples (0 h). We think that a combination of slight structural changes in solution and in the dry-state occur during the pre-conditioning described in ). In addition, for pH<5, α-la loses its Ca 2+ ligand (Walstra et al., 1999). In addition, pH prior to dehydration may also influence the nature and the extent of protein change in the solid state (Povey et al., 2009;Thomsen et al., 2012a). Famelart et al., (2018) have shown that pH adjustment to 9.5 followed by freeze-drying induces the formation of insoluble aggregates whereas the proteins remain soluble at pH 3.5 and pH 6.5. Thus, it is reasonable to consider that at least slight structural changes occur at the powder state, according to the pH prior to dehydration.

In addition, other authors have shown that dairy powders stored in the solid state may undergo changes even at low temperatures, such as lactosylations, advanced-glycation-end-products, intermolecular cross-links, exposure of hydrophobic residues by denaturation (Thomas et al., 2004;[START_REF] Havea | Protein interactions in milk protein concentrate powders[END_REF]Gulzar et al., 2013;Rao et al., 2016). Higher aw and lactose content decrease the powder glass transition temperatures Tg (Zhou and Labuza, 2007b). In other words, physico-chemical reactions were made possible by the increase of inter chain mobility at lower temperature due to a lower Tg. Thus, aw and lactose content of the protein powder could also explain the variety of protein changes during the pre-conditioning.

The drastic structural changes of dry-heated whey proteins are limited in acidic conditions

We have shown drastic structural changes of proteins with the formation of oligomers, aggregates and more hydrophobic molecular species at the expense of native proteins. As could be expected, the extent of protein denaturation, increasing the surface hydrophobicity, aggregation and glycation were increased at high aw (0.52) and longer dry-heating times (25 h, 125 h) (Gulzar et al., 2012;Thomas et al., 2004;Van der Plancken et al., 2007b;Zhou and Labuza, 2007a).

We have found that the formation of aggregates by dry-heating is reduced at pH 3.5. Other authors have stated that the rate of aggregation of WPI in the dry-state decreased with pH (Gulzar et al. 2011b). Guyomarc'h et al. (2015) suggested that the lactosylation of WPI at pH 2.5 is a limiting factor of the Maillard reaction, which could explain the lower rate of aggregation at pH 2.5 as compared to pH 6.5. They have also shown that lactose is involved in the formation of aggregates through the Maillard reaction. In contrast, our results show that protein lactosylations occur whatever the pH prior to dehydration, even at pH 3.5 (Fig. V.4b). Thus, aggregation did not appear as limited by the lactosylation step in our study. In addition, a higher lactose content does not significantly increase protein aggregation. As the dialysis did not completely eliminate lactose, we presumed that residual lactose in samples D is enough to be involved in aggregation in the same order of magnitude as samples L.

We have also demonstrated that the formation of hydrophobic molecular species by dry-heating is limited at pH 3.5, and promoted by high lactose content. Protein lactosylations could be responsible of the increase in protein surface hydrophobicity due to conformational changes [START_REF] O'mahony | Controlled glycation of milk proteins and peptides: Functional properties[END_REF].
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Correlations between protein structure and foam stability

In a previous work (Audebert et al., 2018), we have followed an original approach to study the foam stability against drainage, involving the monitoring of the liquid fraction as a function of both the height in the foam column and the foam ageing using PCA. We have shown that the foam stability had a 'global' dimension (which did not depend on the height in the foam column), and a 'local' dimension (which distinguished the time-profiles depending on the height, in particular at the top).

According to PCA, the former was the main axis of variability (PC1), and the latter was the second one (PC2). Thus, the higher scores on PC1 the higher global foam stability (integrating all the instability mechanisms) whereas the higher score on PC2, the higher local foam stability.

Since principal components can generally be considered as ordinary numerical variables summarising a multivariate data set, it seems interesting to study correlations between scores on principal components in order to identify links between different data sets. Therefore, we studied correlations between scores from principal component analyses from the present work and from the former work with homologous samples on foam stability. In the following developments, PCs have been renamed by their main features: "displacement of the monomer-dimer equilibrium of β-lg towards the dimer state" (PC2, size-exclusion), "aggregates" (PC1, size-exclusion), "hydrophobic molecular species" (PC1, reversed phase), "lactosylations" (PC2, reversed phase), "global foam stability" (PC1, foam stability) and "local foam stability" (PC2, foam stability). Table V.6 shows that the local foam stability is more sensitive to protein structure than global foam stability. The most likely explanation for this effect resides in the fact that the local foam stability is less integrative from the other instability mechanisms, and is essentially sensitive to drainage. The β-lg dimerisation, the formation of hydrophobic molecular species and lactosylated proteins increase the local foam stability. However, the correlations, though significant, are of low magnitude. The most Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 94 likely explanation is the complex effects of dry-heating parameters on foam stability, as showed Audebert et al. (2018). For this reason, in the following investigations, Spearman correlations between PCs scores have been made for selected sets of conditions.

When only pH 3.5 samples are considered (pre-conditioned or dry-heated), significant correlations are found between lactosylations and the local foam stability with high rS value and significance (rS=0.51, p-value= 0.005). Table V.7 shows the spearman correlations when only pH 3.5 samples at short dry-heating time are selected (0 h and 1 h). In those conditions, both the global and local foam stabilitis were sensitive to slight changes in the protein structure. The equilibrium displacement towards the β-lg dimer state and protein lactosylations are associated with an increase in global foam stability. However, the formation of hydrophobic molecular species is associated with a decrease of the global foam stability. In addition, the lactosylation of proteins is also significantly associated with an improvement of the local foam stability.

Concerning the spearman correlations when only pH 6.5 samples at short dry-heating time are studied (0 h and 1 h), in contrast with what was observed at pH 3.5, the equilibrium displacement towards the β-lg dimer state is related with a decrease in the global foam stability (p-value = 0.058). 2010) have shown that the foam stability of WPI depends on dry-heating times in a nonmonotonous way. The most likely explanation for this effect resides in the different action mechanism in foams depending on the aggregation state of proteins. Indeed, non-aggregated proteins cover the interface more efficiently due to their faster adsorption than aggregated proteins (Schmitt et al., 2007).

Table V.7 Spearman correlations between

Aggregates act mainly in the bulk. The stability against drainage can be increased by a higher bulk where μ is the bulk viscosity, r the Plateau border size and μs the interfacial shear viscosity.

A lower mobility reduces drainage rates (Leonard and Lemlich, 1965;Rio et al., 2014;Saint-Jalmes et al., 2004). However, the efficiency for a protein to increase the bulk viscosity or the interfacial shear viscosity is highly dependent of its structure. Thus, the differential effect according to dry-heating parameters could be explained by the complex protein contribution to the foam stability. For instance, the size of aggregates in the bulk influences the foam stability against drainage (Rullier et al., 2008).

According to [START_REF] Yu | Kinetics of protein foam destabilization: evaluation of a method using bovine serum albumin[END_REF], the monomer/aggregates ratio is important to produce stable foams.

We observed some correlations between slight structural changes and foam stability but we dig not observe any links with aggregates. We showed that protein lactosylations at pH 3.5 significantly improve the local foam stability. The hydrophilic nature of the carbohydrate anchored at the interface by the protein glycation may improve the water holding capacity and form higher viscoelastic film limiting the liquid drainage inside the foam (Hiller and Lorenzen, 2010b).

Interestingly, we have shown that slight modifications of the whey protein structure upon preconditioning at pH 3.5 are enough to affect the foam stability. Dissanayake and Vasiljevic, (2009) have also observed a higher foam stability with slight protein changes as compared to protein aggregates. We have shown that lactosylations and equilibrium displacement towards β-lg dimerisation promote higher global and local foam stability. Even if these structural changes represent a small part of the observed variability in chromatographic behaviour, they are the main source of variability among the different foams (Audebert et al., 2018). We think that pre-conditioning at pH 3.5 improves foam stability due to lactosylations, which stabilise the dimer state of β-lg and reduce the protein unfolding (lower surface hydrophobicity in acidic condition). Thus, foam stability is sensitive to the hydrophobic-hydrophilic balance of protein. In the general case, partial unfolding and increase in surface hydrophobicity may support the formation of an increasingly viscoelastic adsorbed layer and a higher foam stability [START_REF] Bouaouina | Functional properties of whey proteins as affected by dynamic high-pressure treatment[END_REF]. Our results reveal that the role of the surface hydrophobicity is more complex. Indeed, higher protein hydrophobicity during pH 3.5 preconditioning, depending on the other dry-heating parameters, decreases the global foam stability.

However, when all the conditions are considered, a higher surface hydrophobicity is only correlated with a higher local foam stability.

Interestingly, some of the structural changes, which appear similar as regards the chromatographic behaviour, seem to alter differently the properties of foams. For instance, the equilibrium displacement towards the β-lg dimer state upon short dry-heating is associated to an increase of global foam stability at pH 3.5, but a decrease of global foam stability at pH 6.5. In other words, due to the sensitivity of the interfacial behaviour to protein physico-chemical and structural properties, the analysis of foam Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 96 stability allows a discrimination among different structural changes, which nevertheless are not discriminated by liquid chromatography.

Conclusions

In the present work, we investigated the effect of powder dry-heating time, under controlled physicochemical conditions (aw, pH prior to dehydration and lactose content), on the structure of whey proteins structure, through their chromatographic behaviour.

Principal component analysis of the whole set of reverse phase and size-exclusion HPLC chromatograms revealed that powder pre-conditioning at room temperature and controlled aw induces moderate changes of protein (β-lg equilibrium displacement towards dimerisation, surface hydrophobicity, lactosylations, cyclisations of α-la residues). It may be proposed that these changes occur during the pH adjustment (protein association, quaternary structure), and powder awconditioning (lactosylations, cyclisationsof α-la residue).

Dry-heating induced the formation of hydrophobic species and aggregates, at the expense of native proteins, especially at high aw, high lactose content, long dry-heating and at pH 6.5. Heat treatment under acidic conditions had a limited effect on the aggregation. We propose that specific lactosylation pattern at pH 3.5 under the dry-state has a protective effect against Maillard reaction, which could explain the higher foam stability observed after dry-heating at pH 3.5 (Audebert et al., 2018). These lactosylations may displace the monomer-dimer equilibrium of β-lg towards the dimer state and reduce the protein unfolding.

Relationships between structural changes and foam stability are complex. The differential effect according to dry-heating parameters could explain the complex contribution of protein changes to the foam stability. Interestingly, slight structural changes upon pre-conditioning at pH 3.5 are enough to improve the foam stability, in particular the protein lactosylations (both global stability and stability against drainage). These results suggest that the foam stability cannot be predicted only on the basis of the chromatographic behaviour of proteins. Our findings point at the need for further structural characterisation to understand the foaming properties of proteins.
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Supplementary data

Complementary studies

Our findings point at the need for others methods of protein structural characterisation.To go further, we decided to study the effects of pre-conditioning on WPI and purified β-lg using mass-spectrometry.

Mass spectrometry of pre-conditioned WPI

Different WPI samples have been analysed by mass-spectrometry coupled with reversed phase chromatography. Table V.8 lists the different masses detected between 34 and 44 min, ahead or behind the main β-lg peak. It should be kept in mind that the relative abundances cannot be quantitatively compared between the different samples.

In our experimental conditions, β-lg is glycated with a maximum of two lactose residues. Longer dryheating does not increase the number of lactosylation sites (data not shown). A loss of 17 Da from the β-lg is obtained whatever the conditions. It could correspond to the loss of an ammoniac due to the cyclisation of an amino-acid residue. We think that the two lactosylation sites of β-lg are more accessible during the pre-conditioning at pH 6.5 than at pH 3.5. The decrease in the lactose content seems efficient for reducing the relative abundance of lactosylated β-lg. Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 99 Purified β-lg, pre-conditioned in the same experimental conditions as WPI was also analysed by mass spectrometry (Table V.9). It is worth noting that the untreated β-lg is already lactosylated. However the pre-conditioning does not increase the abundance of lactosylated protein. Pre-conditioning β-lg at pH 3.5 induces a substantial loss of 17 Da, associated to the cyclisation of an amino-acid residue. For the same samples, we have measured the interfacial shear visco-elasticity (Fig. V.6). Interestingly, β-lg pre-conditioned at pH 3.5 yields higher shear moduli. Thus, we would like to draw the reader's attention on the fact that this increase do not involve lactosylations but probably cyclisation of an amino-acid residue. Thus, the combination of specific lactosylation at pH 3.5 and the β-lg cyclisation of an amino-acid residue, possibly perturbing the stability of the protein structure, could be involved in the different foaming and interfacial behaviour for WPI at pH 3.5. mesure des propriétés interfaciales s'effectue dans des conditions un peu éloignées de la réalité de la mousse, ce qui pourrait expliquer les limites de l'approche. Les mousses ne peuvent pas être réduites à un unique film interfacial de protéines, semi-statique, occupant de grandes surfaces.

Mass-spectrometry of pre-conditioned β-lg

Dans ce contexte, nous nous sommes intéressés au sein de ce chapitre aux propriétés interfaciales, à la stabilité et la rhéologie de mousses de protéines laitières. Compte-tenus des résultats précédents (Chapter IV), nous avons émis l'hypothèse que le procédé d'étuvage de différentes poudres de protéines de lactosérum (β-lg purifiée, WPI) permettrait de générer une gamme importante de propriétés interfaciales, ce qui nous permettrait d'éclairer leur rôle dans les propriétés moussantes.

Une première partie de ce chapitre s'intéresse à la contribution des propriétés interfaciales sur la rhéologie de mousses de protéines obtenues par la méthode de la double seringue. Cette méthode permet l'obtention de mousses avec des bulles micrométriques, plus proches des applications industrielles et qui se prêtent à l'étude rhéologique. Le suivi du vieillissement des mousses dans le temps par des méthodes rhéologiques, nous a également permis d'étudier le mûrissement de la mousse par une originale approche. Nous avons également mis au point une nouvelle approche méthodologique concernant l'étude de la dynamique de films de protéines, en transposant une méthode de physique des mousses des surfactants de petite masse molaire.

Parmi les résultats majeurs, nous avons mis en évidence que la mesure de la relaxation des films est un bon indicateur des propriétés interfaciales des protéines. Conformément à la littérature, nous avons mis en évidence des corrélations entre les propriétés mécaniques des mousses de β-lg et ses propriétés interfaciales. Bien que la β-lg soit la protéine majoritaire dans le WPI, la β-lg purifiée et le WPI ont des comportements très différents quelle que soit l'échelle étudiée (interface, film, mousse). En effet, les liens entre les propriétés des mousses et les propriétés interfaciales sont moins clairs pour le WPI.

Nous avons également mis en évidence un effet du pré-conditionnement des poudres à tous les niveaux (interface, film, mousse).
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Introduction

Liquid foams are concentrated dispersions of gas bubbles into a liquid. The mechanical behaviour of foams combined with their low density and their large interfacial area lead to a wide variety of industrial applications: flotation, oil production, firefighting, food and cosmetic products (Stevenson, 2012;Cantat et al., 2013). However, the use of foams in industry is restricted due to destabilisation processes such as liquid drainage, disproportionation and coalescence (Hutzler and Weaire, 2000;Koehler et al., 2000;Stevenson, 2012;Cantat et al., 2013). Foam drainage is the flow of liquid under the influence of gravity through the network of films and Plateau borders. Coalescence is the fusion of two bubbles after the rupture of a liquid film or lamella separating them. Disproportionation is the result of the diffusion of gas between bubbles, driven by gradients of Laplace pressure. Drainage leads to a drier foam (a decrease of the foam liquid fraction ɸ) whereas coalescence and disproportionation both lead to larger average bubble size (although with a different distribution of sizes) (Hutzler and Weaire, 2000;Cantat et al., 2013).

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 109 From a rheological point of view, a foam behaves as a solid or a liquid depending on the applied strain (Fig. VI.1). When a small strain is applied to a foam sample, the bubbles are deformed and thus their interfacial area and interfacial energy increase, giving rise to an elastic stress. If the applied strain is increased beyond the yield strain (respectively, if the stress is increased above a yield stress), bubbles start to rearrange and the foam flows. The yield strain corresponds to the onset of plastic events, i.e.

irreversible bubble rearrangements, called T1s, represented by the transition from configuration a to configuration d in Fig. VI.1. The importance of T1 events in foam rheology is widely recognised (Gopal and Durian, 1999;Höhler and Cohen-Addad, 2005;Dollet and Raufaste, 2014). T1 events are also triggered by instability mechanisms such as disproportionation (Gopal and Durian, 1999;Höhler and Cohen-Addad, 2005). Moreover, since T1 events may result in film rupture, their study could be a new route toward an understanding of coalescence, complementary to the methods based on isolated foam films (Rio and Biance, 2014).

Aqueous foam stabilisation can be partly achieved by lowering the gas-liquid interfacial tension using surfactants. In addition, surfactants change the rheological properties of an interface, and can also provide repulsive forces between bubbles. However, the effective contribution of interfacial properties to the stability and rheology of foams is a source of many open questions. Indeed, foam dynamics resulting from the occurrence of simultaneous and interdependent instability mechanisms make a multiscale approach far from trivial (Hilgenfeldt et al., 2001;[START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF]Wang et al., 2016).

Proteins are amphiphilic macromolecules, which adsorb to hydrophobic interfaces and help to stabilise foams and emulsions. They may undergo conformational changes and self-assemble at the interface, leading to the formation of a dense, visco-elastic layer. This feature makes the relationship between interfacial concentration and interfacial tension more complex (Bos and van Vliet, 2001), and discriminates proteins from low-molecular-weight (LMW) surfactants. Indeed, in contrast with LMW surfactants, protein adsorption at the interface can be considered almost irreversible, due to the large number of adsorbed protein segments at the interface. Interfacial protein self-assembly and quasiirreversibility of the adsorption may result in low-frequency shear and dilatational elasticity, while the dilatational elasticity observed with LMW surfactants is governed by exchange with the bulk.
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Even if proteins are not easy to characterise because of their out-of-equilibrium interfacial properties, some investigations of the link between interfacial and foam properties have been performed.

Interfacial dilatational parameters may help to explain foamability and stability at short times (Bos and van Vliet, 2001;[START_REF] Martin | Network Forming Properties of Various Proteins Adsorbed at the Air/Water Interface in Relation to Foam Stability[END_REF]. Stability against disproportionation has also been correlated with the higher interfacial dilatational elasticity E' of proteins [START_REF] Martin | Network Forming Properties of Various Proteins Adsorbed at the Air/Water Interface in Relation to Foam Stability[END_REF]. Concerning foam rheology, Lexis and Willenbacher, (2014a) have shown for β-lactoglobulin (β-lg) that a higher dilatational and shear interfacial elasticity can increase the yield stress and storage modulus of a foam.

Whey proteins are globular proteins, which have a three-dimensional structure responsive to environmental physicochemical conditions (pH, ionic strength, heating...) (Wang et al., 2013).

Interestingly, the surface activity and interfacial rheology of the adsorbed layer are sensitive to protein structure [START_REF] Pezennec | The protein net electric charge determines the surface rheological properties of ovalbumin adsorbed at the air-water interface[END_REF]Cascão Pereira et al., 2003b;Damodaran, 2005;[START_REF] Zhang | et d'agrégations spécifiques lors de l'étuvage et du pré-conditionnement du WPI à pH 3,5. Il serait intéressant de comparer le comportement du WPI étuvé à pH 3,5 et pH 6,5 par la méthode de balance de film[END_REF].

For this reason, many processing technologies, especially heat treatments, have been applied to whey proteins in order to change their interfacial properties (Guyomarc'h et al., 2015).

In this work, we have investigated the interfacial properties and bulk foam rheology of different protein samples: purified β-lg and whey protein isolate (WPI). We have processed them by powder dry-heating in order to cover a broad variety of interfacial properties (Talansier et al., 2009;Desfougères et al., 2011b). Indeed, our previous work (Audebert et al., 2018) has shown that powder dry-heating, under controlled physicochemical conditions (pH prior to dehydration), does affect foam stability, which suggests that it changes the interfacial properties. Thus, the main goal of this article is to highlight the role of interfacial properties on foam rheology especially in the case of whey proteins.

A novelty of our approach is also to study protein film dynamics by a 5-film setup as an intermediate scale between single interfaces and tridimensional foams. One of our goals is to draw to the attention of physicists the broad range of protein interfacial rheologies at low frequency and its many diverse effects on foam dynamics. Conversely, we also seek to raise awareness among food scientists of the tools of foam physics that can shed light on the behaviour of protein foams.

Materials and Methods

Materials

We studied purified protein, β-lactoglobulin (β-lg), as a model protein, and a mixture of proteins called whey protein isolate (WPI), mainly composed of β-lg and α-lactalbumin (α-la). Sodium caseinate (NaCas) from Armor Protéines (Saint-Brice-en-Coglès, France) and Sodium Dodecyl Sulfate (SDS) from Sigma were also analysed as protein and surfactant controls respectively, because of their expected low surface visco-elasticity.

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 111 β-lactoglobulin (β-lg) was purified from bovine milk by using pilot-scale membrane separation technology, in which the temperature did not exceed 56 °C in order to preserve its native structure (Bramaud et al., 1995;Gésan-Guiziou et al., 1999;Toro-Sierra et al., 2013). Fresh unheated milk was skimmed and microfiltrated (1.4 µm), and then caseins were separated from the whey by microfiltration (0.1 µm). The protein solution was concentrated by ultrafiltration (5 kDa), then diafiltrated with deionised water to give WPI, which was subsequently frozen and stored for a few weeks. Then, the thawed WPI was acidified by citric acid and heated (56 °C) for the purpose of precipitating α-lactalbumin. After microfiltration (0.1 µm), the microfiltrate containing β-lg solution was concentrated by ultrafiltration (10 kDa), diafiltrated with deionised water and freeze-dried.

Freeze-dried β-lg contain 77.3 % ± 1.7 % of β-lg. Protein concentration were determined using a spectrophotometer and applying Beer Lambert's law:

A=ε•l•c (eq. 1)
where A is the solution at 280 nm, ε the extinction coefficient for β-lg, l the light path-length and c the concentration of the solution, using l=1 cm and ε=0.96 mL•g-1•cm-1 [START_REF] Bhattacharjee | Thermal unfolding and refolding of beta-lactoglobulin. An intrinsic andextrinsic fluorescence study[END_REF].

Whey protein isolate (WPI) powder was obtained by spray-drying a whey protein concentrate isolated from milk microfiltrate by ultrafiltration and diafiltration as described by Chevallier et al. (2018). The nitrogen content (TN), non-protein nitrogen (NPN) content and non-casein nitrogen (NCN) content of the powder were determined by the Kjeldahl method (Schuck et al., 2012). The protein content was calculated by: (TN-NPN) × 6.38 (eq. 2).The amount of casein or insoluble proteins at pH 4.6 was measured by: (TN-NPN-NCN) × 6. 38 (eq. 3).Free lactose in the WPI powder was measured by ionexchange high performance liquid chromatography (HPLC, Dionex, Germering, Germany) using an Aminex A-6 column (Biorad, St Louis Mo., USA) and a differential refractometer (model RI 2031 plus, Jasco). The oven was kept at 60°C and the elution flow was 0.4 mL•min -1 using 5 mM H2SO4.

We determined that WPI powder contained 95.0 ± 0.2 % (w/w) of protein (calculated with eq 2), of which 9.40 ± 0.04 % (w/w) was caseins or insoluble proteins at pH 4.6 (calculated with eq 3). WPI contained also 2.04 ± 0.02 % (w/w) free lactose.
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Samples preparation

In the following, we have differentiated untreated samples from processed samples (preconditioned and dry-heated samples, Fig. V.2). The processed samples undergo the pre-conditioning step either with or without subsequent dry-heating.

Dynamic drop tensiometry and interfacial dilatational rheometry

A pendant drop tensiometer (Tracker, from Teclis-Scientific, France) was used to determine the dynamic interfacial tension at the solution-air interface using a 50 g/L protein solution. After formation of a fresh liquid drop hanging from the tip of the needle, the kinetics of the interfacial tension changes were followed for 1600 s by drop shape analysis, with the drop maintained at a constant 7 µl volume.

The same setup was used for interfacial dilatational rheometry. In order to measure the complex interfacial dilatational modulus (E), sinusoidal drop oscillations (with amplitude ±0.75 µl, pulsation ω = 1.26 rad/s) were applied and the interfacial tension response was recorded. Since the surface area of the drop oscillates periodically, the dilatational modulus E exhibits two contributions: the storage modulus, E', and a viscous part, the loss modulus, E'', accounting for the energy lost through relaxation processes. Following Cascão Pereira et al. (2003), we extracted E' and E''. We report the dilatational moduli E' and E'' at two different times (250 s and 1600 s) in Table A (supplementary data), obtained by two methods. Firstly, the kinetics of the dilatational moduli were obtained by applying to a freshly formed drop continuous oscillations as a function of time until a time of 1600 s.

The variability between samples was higher and more discriminant at short times. Thus, only dilatational moduli at short time E'250 s and E''250 s were extracted from the kinetics. Secondly, to avoid continuously oscillating for long times, we imposed only few oscillations after a 1600 s aging to obtain E'1600 s and E''1600 s.

T1 dynamics

The T1 process corresponds to the transition between two equilibrium film structures illustrated as Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 114 Image processing with ImageJ (Rasband, 2016) allowed us to determine the length L of the newlycreated film as a function of time; we present results for this length normalised by its final length L∞.

To characterise the relaxation we extract a parameter, which we call the T1 duration t90, defined as the time for the film to reach 90 % of its final length L∞ (Durand and Stone, 2006). Having a single

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 115 parameter rather than a curve allows us to easily compare the different solutions and 90 % is the length that best discriminates between different solutions. The two-syringe technique was used to obtain liquid foams represented in Fig. VI.5 (Pierre et al., 2013;Gaillard et al., 2017). The liquid fraction ɸ, defined as the ratio of the liquid volume to the total foam volume Vliquid/Vfoam, was fixed at 0.16. ɸ is controlled by the ratio of the amount of the liquid and the total volume of the two syringes. Foams were all produced after twenty plunges of the syringes.

Foam formation and rheometry

Foam rheology measurements were performed on the freshly produced foams using a rheometer (MCR301, Anton Paar) with a 75 mm cone-plate geometry. The viscoelastic shear moduli G' and G'' and the yield strain γc were measured during an oscillatory amplitude sweep from 1 to 50 % strain with a frequency of 1 Hz. We define G'0 and G"0 as the modulus at a strain γ = 1 %. The yield strain γc was defined as the strain at which the viscous properties start to dominate over the elastic ones, i.e.

the crossover of G' and G''. The yield stress was then calculated from: τc = γc • G'0 (eq. 4)

where τc is the yield stress, γc the yield strain and G'0 the foam storage modulus in the linear viscoelastic regime of the foam (Saint-Jalmes and Durian, 1999).

The shear modulus G' was also recorded as function of the foam age with constant frequency 1 Hz and strain γ =1 %.
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Bubble size characterisation

Bubble size was measured by the bubble raft method. Freshly-produced foams were deposited inside a Petri dish containing the same protein solution used to make the foam (Fig. VI.6). A mean bubble radius was manually calculated over four images of the same foam. 

Statistical analysis

Adjustments for multiple comparisons using Tukey contrasts were performed to test significant mean differences between protein samples (p-values <0.05). Correlations between different parameters were determined using Spearman's rank correlation test (coefficient rs). Data were analysed using the R software package (R Core Team, 2017).

Results

The results section introduces essentially raw experimental data, detailed scale by scale: (i) single interface, (ii) films dynamics, and (iii) tridimensional foams. The possible correlations between them will be presented only on the discussion section.

Characterisation of interfacial properties

The real and imaginary parts of the viscoelastic interfacial dilatational modulus (E', E'') were Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 117 early times (250 s) and longer times (1600 s). We note that in most cases the value of E'' does not exhibit a well-pronounced plateau, but instead continuously declines, as observed by Ulaganathan et al. (2017). In other words, E''250 s > E''1600 s for most of the samples. In addition, kinetics of interfacial dilatational modulus for β-lg are faster than for WPI samples whatever the treatment (more visible in Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 118 Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 120 tension to a lower extent, close to 49 mN/m after 1600 s, than dry-heated samples (Fig. VI.9c). Dry heating of WPI and β-lg powders at pH 3.5 leads to a significant decrease of the interfacial tension, as compared to unheated samples (0 h), but the same interfacial tension value than untreated β-lg and WPI samples are obtained. Complete results for each condition are listed in Table VI.1. It shows that processed β-lg samples have a significant longer relaxation than processed WPI samples. As observed previously, the effect of pre-

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 121 conditioning and dry-heating depends on sample composition: for example, dry-heating at pH 3.5 significantly increases the relaxation time for β-lg, and decreases it for WPI. It is worth noting that the conditions WPI pH 3.5 0 h and β-lg pH 6.5 0 h give rise to longer relaxation times. Each foam behaves as an elastic solid at 1 % strain (G'0>G''0). It should be noted that the strain is not low enough to reach the linear regime where G' and G'' reaches a plateau when strain tends to zero. From these plots, a yield strain γc can be extracted, defined as the strain at which G'' first exceeds G'. The values of both G'0 and the yield strain follow the ranking: untreated WPI > untreated β-lg > NaCas. That is, foams made from untreated WPI show a more solid-like behaviour than those made from NaCas and untreated β-lg.
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Dilatational moduli E' and E'' and interfacial tension σ are both involve in foam properties. We are mainly interested by interfacial rheology, which discriminates protein from LMW surfactants and due to the significant effect of our treatment on dilatational moduli. As an example, the range of values is 9 to 60 mN/m for E'250 s. For this reason the dimensionless interfacial elasticity E'/σ and interfacial viscosity E"/σ have been used in order to consider each one simultaneously with comparable magnitude. It finally turns out that the highest and most significant correlations were obtained between the relaxation time after a T1 and both the dimensionless interfacial elasticity and interfacial viscosity at short times (Table VI.3). In other words, the slower the relaxation after a T1 event, the higher the dimensionless interfacial elasticity and interfacial viscosity at short times. In addition, it should be noted that these correlations are valid for the mixture (WPI) as well as the purified β-lg.

Thus, the interfacial properties can be measured indirectly through film relaxation by the 5-film device. However, the liquid content in the films need to be checked. Differences in film thickness for different samples may prevent the comparison of T1 kinetics. This led us to exclude the kinetics measured for NaCas for the estimation of correlations.

Links between foam rheology, interfacial properties and film dynamics are sensitive to sample composition

As shown previously (section 1.4.1), we observed differential effects on interfacial properties, film dynamics and foam properties depending on sample composition (purified β-lg or WPI). It was thus necessary to separate β-lg samples from WPI samples in order to study the correlations between measurements at different scales (Table VI .4).

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 130 In the case of β-lg samples, many significant correlations exist between interfacial properties (direct or indirect measurements through film relaxation) and foam properties. The dimensionless interfacial elasticity at short times as well t90 are correlated with the foam storage and loss modulus, the disproportionation rate and the yield stress (Table VI .4). In other words, the higher the dimensionless interfacial elasticity, the faster the film relaxation after a T1 event, and the higher the disproportionation rate, the foam storage and loss moduli and the yield stress. Some of the correlations found for the β-lg samples are in agreement with results reported in the literature. Some studies on dairy proteins have reported that higher values of the interfacial dilatational elasticity (E') lead to an increased yield stress and foam modulus (Davis et al., 2004;Engelhardt et al., 2013;Lexis and Willenbacher, 2014a). Talansier et al. (2009) have also demonstrated on dry-heated egg-white that the higher the interfacial visco-elasticity (E' and E''), the higher the foam storage and loss moduli. Thus, the G'0/(σ/R) discrepancy observed in Table VI.2 especially for β-lg, suggest that another parameter, such as the interfacial dilatational elasticity, should be considered in this ratio.

As regards the disproportionation rate, the correlations found for the β-lg samples are not fully consistent with the literature data. The rate of disproportionation decreases with an increase in the interface elasticity (Davis et al., 2004;Dombrowski et al., 2016). [START_REF] Martin | Network Forming Properties of Various Proteins Adsorbed at the Air/Water Interface in Relation to Foam Stability[END_REF] have also reported that stability against disproportionation is correlated with higher dilatational elastic modulus E'. A higher ratio E'/σ should prevent bubble disproportionation (Yang and Foegeding, 2010).

However, for β-lg, our results show that increasing the dilatational elastic modulus E' increases the disproportionation rates. Strikingly, the opposite is obtained for WPI: the higher the dimensionless interfacial elasticity and interfacial viscosity, the lower the disproportionation rate, in agreement with the literature.
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The differences between β-lg and WPI may be explained by other parameters, which will not be discussed here, such as intralamellar structure and interfacial shear rheology. It is worth noting that interfacial rheology gives information about the mechanical properties of a single protein layer on a macroscopic interface, a situation that is distinct from that of a confined liquid film inside a foam (Bos and van Vliet, 2001).

Few studies investigate the dairy protein foam rheology. Among them, the yield stress is mainly studied, measured by two methods, the vane method and the oscillatory shear method. The advantage of the latter one is to obtain simultaneously G'0, yield strain and yield stress. We are not aware of any previous yield strain data on dairy protein foams. Interestingly, Table VI.4 illustrates that even if the yield strain and yield stress are linked (eq. 4), both of them are important and involved differently in the exposed correlations. For this reason, we would like to draw your attention on the yield strain, which could bring complementary information on the foam properties.

As presented in section 1.3.1 the interfacial properties of protein solutions are strongly timedependent, whereas LMW surfactants quickly reach an equilibrium state at the interface (Bos and van Vliet, 2001). Most of the significant correlations in Table VI.4 were found when considering the interfacial visco-elasticity well before the equilibrium. However, many studies on proteins report interfacial properties after 20-30 min [START_REF] Dombrowski | Evaluation of structural characteristics determining surface and foaming properties of β-lactoglobulin aggregates[END_REF]Engelhardt et al., 2013;[START_REF] Martin | Network Forming Properties of Various Proteins Adsorbed at the Air/Water Interface in Relation to Foam Stability[END_REF]. Thus, the out-of-equilibrium and short time scale value of interfacial visco-elasticity and interfacial tension could be more relevant than "equilibrium" values to predict foam properties.

Conclusions

Interestingly, we found that the pre-conditioning of the samples accounts for the main source of variability, though it is not expected to induce major changes in the structural and physico-chemical properties of proteins. Thus, we presumed that slight structural protein modifications during preconditioning greatly impact the foam and interfacial properties of whey proteins in comparison with protein aggregates possibly produced during dry-heating. The pre-conditioning step may also result in subtle changes in the WPI composition, which can also be involved in changes in the interfacial and foam properties. We showed that β-lg foam mechanical properties, namely the foam storage and loss moduli and the yield stress, increase with the interfacial storage modulus, consistently with literature (Davis et al., 2004;Engelhardt et al., 2013;Lexis and Willenbacher, 2014). However, studies on purified β-lg, as a model protein, cannot fully explain the interfacial and foam properties of the WPI mixture. The presence of other proteins, lactose and minerals in WPI is likely to affect the protein behaviour at the interface and inside the liquid film, making the relationships between different length scales more complex.

We presented the first work on protein physico-chemical changes and their simultaneous impact on interfacial properties, film dynamics and bulk rheology. The protein sensitivity to physico-chemical

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 132 changes at each scale allowed us to study correlations between these different scales. Since proteins allow to explore a wider experimental domain than low-molecular-weight surfactants as regards interfacial rheology, the study of protein foams brings useful information about the general determinants of foam stability.

The novelty of our work is to transpose an approach from foam physics to food protein foams, in order to obtain a more detail insight on the behaviour of protein foams. The use of foam rheology to infer the disproportionation rate may be an alternative to the bubble size characterisation during the foam ageing (Schmitt et al., 2007). In addition, we showed that protein interfacial properties can be measured indirectly through film relaxation by the 5-film device. In particular, it confirms that film relaxation has a central role in foam rheology and foam stability (Biance et al., 2009;Dollet and Raufaste, 2014;Rio et al., 2014;Briceño-Ahumada et al., 2016). Thus, protein film relaxation after a T1 event can be considered as an intermediate scale between single interfaces and tridimensional foams, helpfully connecting interfacial properties to macroscopic foam properties.
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Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 133 Disproportionation rates are commonly measured by exponents of power-law fits of bubble size versus time representations (Schmitt et al., 2007). We alternatively chose in section 1.3.3 to measure these rates assuming a ½ time exponent for the kinetics of changes in the foam storage modulus.

Supplementary data

The disproportionation exponents have two limiting values of 1/3 and 1/2 reported for extremes cases of dry foams with polyhedral bubbles and wet foams with spherical bubbles respectively [START_REF] Durian | Scaling behavior in shaving cream[END_REF]Saint-Jalmes and Langevin, 2002).

We checked that there is univocal linear relationship between slopes of square root of time representation and the exponents of power law fit of our foams (data not shown). Therefore, the conclusion or the comparisons between samples would be identical by the power law approach.

For the foams studied in the present work, exponents range between 0.09 and 0.34, i.e. out of the 1/3-1/2 range. 0.2 values have already been observed for WPI and liquid crystal foams (Schmitt et al., 2007). Such low disproportionation rates may be attributed to the involvement of the interfacial rheology and specific organisation at the interface.

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 136 presence of α-la and lactose change the overall denaturation kinetics, as already observed (Gulzar et al., 2011b;Guyomarc'h et al., 2015).

Differential effect on protein aggregation for β-lg and WPI

We obtained many correlations between interfacial properties and foam properties for β-lg (Table VI.4). We think that, the presence of bigger aggregates in the bulk for WPI, making more complex the relationship between interface and foam properties.

Interfacial properties and stability against drainage of foams obtained by bubbling

In order to study the correlation between interfacial properties and foam stability, the foam stability against drainage have been also measured at a 50 g/L bulk protein concentration, enabling a direct comparison with the results obtained in chapter 3. Marinova et al. ( 2009) observed a decrease in the radius of the bubbles with an increasing protein concentration, which could explain the wetter foam at 50 g/L. In addition, the viscosity of the protein solution increases with protein concentration, and could explain the different foam liquid profile [START_REF] Richert | Physical-chemical properties of whey protein foams[END_REF]. We did not observe avalanche of coalescence events, probably due to the higher bulk viscosity, as observed (Ritacco et al., 2007b). Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 138 samples have a higher foamability and a lower foam stability. It should be noted that β-lg dry-heating, whatever the experimental condition, do not increase foam stability. Interestingly, extensive WPI dryheating at pH 3.5 (125 h) gives rise to the higher foam stability. This result confirms the higher foam stability at pH 3.5 observed at a 2 g/L bulk concentration. Thus, dry-heating at pH 3.5 also increases foam stability at protein and salts concentrations closer to the industrial applications.
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As shown previously, we observed differential effects for purified β-lg or WPI, showing the impact of the sample composition. Thus, it was necessary to separate β-lg samples from WPI samples in order to study the correlation between foam stability against drainage (PC1 scores) and interfacial properties at a 50 g/L protein concentration. We do not found any significant correlation between PC1 scores and interfacial properties, whatever the sample composition. The shear interfacial rheology could be more relevant than interfacial dilatational rheology to explain the foam properties. In addition, the bulk properties are also likely to have a significant impact.

Interfacial and foam properties: comparison with surfactant and protein controls

We showed that WPI pre-conditioned and dry-heated at pH 3.5 is different from the other samples as VI.20). Egg-white is a widely used foaming ingredient in food industry, whereas sodium caseinate is well known for its lower interfacial rheology as compared to whey proteins. SDS is a model LMW surfactant, commonly used for theoretical studies in foam physics.

According to the literature, an increase in the interfacial dilatational modulus (E'/σ) increases the foam stability, storage modulus and yield stress (Lexis and Willenbacher, 2014;Davis et al., 2004;[START_REF] Tamm | Pendant drop tensiometry for the evaluation of the foaming properties of milk-derived proteins[END_REF]Yang and Foegeding, 2010). These features are suitable for different food applications.

Interestingly, we found that the optimum processing depend on the property that is considered. A decreased disproportionation rate is achieved with WPI pH 3.5 0 h (Fig. VI.20), whereas the highest foam stability against drainage is obtained with WPI pH 3.5 125 h (Fig. VI.18). As already described [START_REF] Dombrowski | Evaluation of structural characteristics determining surface and foaming properties of β-lactoglobulin aggregates[END_REF], the maximum foam stability was not always linked to a minimum foam drainage. Indeed, the improvement of foam stability depends on the main kind of foam instability mechanism and on foam structure parameters such as the bubble size or the liquid fraction (Rio et al., 2014). We also think that the behaviour of the stabiliser depends on the foam formation procedure (whipping, bubbling, two-syringe method), which could explain some discrepancies in the literature data. As an illustration, Table VI.5 compares the foam storage modulus G' obtained in our work with another study Nicorescu et al., (2011). The studies differ in particular in the foam formation method. The whipping process seems to result in markedly higher G' for egg-white than the two-syringe method, in spite of differences in protein concentration. Indeed, the foam structure is affected by the foam formation process [START_REF] Richert | Physical-chemical properties of whey protein foams[END_REF]Drenckhan and Langevin, 2010;Pierre et al., 2013). It should be noted that egg-white foams differ from WPI foams mainly by their higher yield strain with the twosyringe method (Fig. VI.21). Ce travail s'est focalisé sur un ingrédient protéique complexe, un isolat de protéines de lactosérum, couramment utilisé en industrie laitière. Il a été ainsi mis en évidence des propriétés de ce système qu'il n'est pas possible de prédire à partir des propriétés des principaux composants isolés (β-lg purifiée).

De petites modifications structurales des protéines induisent des changements radicaux des propriétés interfaciales et moussantes

Grâce au contrôle des différents paramètres d'étuvage, une large gamme de modifications structurales, Bien que les conditions de stockage soient relativement modérées (température ambiante, 2 semaines), ce stockage suffit pour induire de petits changements structuraux sous l'influence de paramètres tels que le pH avant séchage, la teneur en lactose et l'aw de la poudre. Ces résultats illustrent également comment des modifications structurales mineures des protéines peuvent avoir des conséquences majeures sur les propriétés moussantes.

Finalement, ces résultats soulignent également l'importance des conditions de stockage des poudres de protéines, pour la maîtrise de leurs propriétés technologiques et pourraient expliquer une partie de la variabilité de ces propriétés dans le temps et d'un lot à l'autre.

Rhéologie interfaciale et dynamique des mousses

Les mousses ont une dynamique, où les bulles se réarrangent perpétuellement, pour satisfaire aux différentes lois de Plateau par exemple. Les bulles, et par conséquent les lamelles liquides comportant deux films interfaciaux subissent des déformations. Ainsi, les mesures de rhéologie interfaciale, qui étudient la réponse d'un seul film interfacial à la déformation, constituent une aide à la compréhension des mousses. Cependant, les liens entre rhéologie interfaciale et propriétés moussantes sont toujours en partie des questions ouvertes. Dans cette thèse, nous avons montré que la rhéologie interfaciale des protéines est cruciale pour les propriétés moussantes : l'augmentation de l'élasticité interfaciale en dilatationnel est corrélée avec l'augmentation des modules visco-élastiques des mousses, l'augmentation de la contrainte à la rupture des mousses et la diminution du mûrissement des mousses.

Les réarrangements des bulles de type T1 ont un rôle crucial dans la rhéologie et la stabilité des mousses de protéines [START_REF] Gopal | Nonlinear Bubble Dynamics in a Slowly Driven Foam[END_REF]Dollet and Raufaste, 2014). Ainsi, afin d'intégrer cette dynamique, nous avons ajouté un maillon supplémentaire à notre étude, la relaxation de films liquides de solutions de protéines après un évènement T1. Ce type de réarrangement avait auparavant été étudié essentiellement pour les petits surfactants. Nous avons montré que le temps de relaxation est un excellent indicateur de la rhéologie interfaciale des protéines : il ne dépend pas de la viscosité de la phase continue, mais il est sensible à l'épaisseur des lamelles liquides, c'est à dire à la fraction liquide de la mousse. La durée de relaxation d'un T1 permet également de faire le pont avec les propriétés de la mousse comme le mûrissement, la contrainte à la rupture et la réponse viscoélastique des mousses

Chapter VII General discussion & perpectives 151 dans un domaine de déformation linéaire. Bien que dans la littérature, les modèles théoriques sur les T1 se basent sur des mousses sèches pour faciliter les calculs, nous pensons que les T1 se produisent également pour des mousses plus humides (Briceño-Ahumada et al., 2016).

La rhéologie des mousses, une méthode plus sensible à la rhéologie interfaciale que l'étude du drainage

Deux méthodes ont été utilisées pour caractériser les mousses : la rhéologie des mousses, très sensible à la structure des mousses (fraction liquide et rayon des bulles) et la conductimétrie (sensible à la fraction liquide de la mousse). Pour procéder à ces mesures, deux types de mousses ont été fabriqués, avec des tailles de bulles micrométriques, obtenues par la méthode de la double seringue, pour l'étude de la rhéologie des mousses, ou des bulles millimétriques, préparées par bullage, pour les mesures de la conductimétrie.

Les liens entre les propriétés de l'interface et celles de la mousse ne sont pas clairs, particulièrement pour les mesures de la conductimétrie des mousses, qui permettent de suivre le drainage des mousses.

L'étude du drainage a été menée dans deux conditions expérimentales, (i) faible concentration en protéines et faible force ionique, (ii) concentration élevée en protéines (50 g/L). D'après la littérature, le drainage dépend de la balance entre la viscosité interfaciale en cisaillement et la viscosité de la phase continue (Saint-Jalmes et al., 2004). Nous avons produit une gamme de vitesses de drainage α entre 0.80-1.10 pour l'étude du drainage à concentration et force ionique faibles. En conséquence, nous nous attendions à des changements de la viscosité interfaciale en cisaillement. Cependant, nous avons mis en évidence que la méthode de rhéologie interfaciale en cisaillement, qui permet de sonder la cohésion du film interfacial (Ridout et al., 2004; Caetano da Silva Lannes and Natali Miquelim, Ainsi, nous avons mis en évidence que la rhéologie des mousses est une méthode plus sensible à la rhéologie interfaciale que l'étude du drainage. De plus, les mousses étudiées, préparées par la méthode de la double seringue, ont des bulles plus petites que les mousses préparées par bullage, et sont donc également plus proches des mousses industrielles en agro-alimentaire, avec une texture proche de celle de la crème Chantilly. Ces résultats peuvent expliquer pourquoi deux mousses, qui ont la même stabilité au drainage (mêmes propriétés de la phase continue), peuvent avoir des propriétés sensorielles différentes (différence des propriétés interfaciales).

Spécificités des mousses de protéines et importance de la dynamique

Les protéines, sont des objets qui complexifient les liens entre l'interface et la mousse. En effet elles ont (i) des propriétés interfaciales qui évoluent avec l'âge de l'interface (ii) dans certaines conditions elles s'assemblent en formant des agrégats de protéines dans la phase continue de la mousse.

Les films d'adsorption de protéines sont des systèmes en dehors de l'état d'équilibre qui est communément atteint avec de petits surfactants. De nombreux travaux étudient le vieillissement des films interfaciaux sur des temps longs, pendant des heures et des jours, à de faibles concentrations en protéines (Cascão Pereira et al., 2003b;Ulaganathan et al., 2017). Selon certains auteurs, les temps longs permettraient aux agrégats de s'adsorber à l'interface, ainsi les mesures reflèteraient davantage le comportement du film liquide c'est-à-dire, comprenant les deux interfaces et la phase continue (Cascão Pereira et al., 2003b). Dans notre étude, portant sur des concentrations en protéines plus Les protéines agissent également sur les propriétés moussantes à travers la formation d'agrégats qui contribuent aux propriétés de la phase continue. Les agrégats peuvent influencer les propriétés des mousses à travers la formation d'un réseau au sein de la lamelle liquide, leur répulsion stérique au sein de la lamelle, et l'augmentation de la viscosité de la phase continue [START_REF] Dombrowski | Evaluation of structural characteristics determining surface and foaming properties of β-lactoglobulin aggregates[END_REF]. Les protéines non agrégées et les agrégats sont en compétition pour couvrir l'interface. Comme les agrégats ont une diffusion pour l'interface plus faible que les protéines non-agrégées à cause de leur taille, ils ont tendance à rester dans la phase continue (Mahmoudi et al. 2010).

Comme nous avons pu le voir dans notre étude, l'étuvage, en fonction des paramètres, agit sur l'état d'agrégation des protéines et sur l'hydrophobie des protéines non agrégées. Ainsi, lorsque des changements des propriétés moussantes sont observés, il est difficile de les associer aux propriétés interfaciales ou aux propriétés de la phase continue puisque tous deux sont acteurs dans les mousses.

Cependant, nous avons observé que l'état d'agrégation des protéines, lors de l'étuvage, dépend de la composition (β-lg ou WPI). En effet, nous avons montré que l'étuvage de la β-lg forme des oligomères préférentiellement, alors que l'étuvage du WPI, génère des agrégats, conformément à la littérature (Guyomarc'h et al., 2015). Ainsi, la composition en protéines nous permet d'éclairer la contribution de la phase continue dans les mousses. Nous pensons que davantage de corrélations ont été observées pour la β-lg car les variations de propriétés de la phase continue sont négligeables, et la contribution de la visco-élasticité interfaciale est très grande. En d'autres termes, la présence d'agrégats dans le WPI, augmente la contribution de la phase continue et complique les relations. Il est important de noter que la β-lg purifiée n'est pas un bon modèle pour étudier les mousses de WPI. Ainsi, la présence de composants mineurs dans un mélange, tel que le lactose ou des protéines intrinsèquement désordonnées résiduelles, a des effets potentiellement non négligeables.

Multi-dimensionnalité des propriétés des mousses et impact des procédés

Nous avons présenté une étude multifactorielle et nous souhaitons maintenant clarifier l'effet de certains paramètres étudiés sur les mousses. Cependant, avant d'entrer dans les détails des paramètres, le premier point à retenir est le caractère multidimensionnel des propriétés de la mousse. Le drainage des mousses de protéines est très étudié, mais selon le système, une stabilité maximale de la mousse n'est pas forcément liée à un minimum du drainage de la mousse [START_REF] Dombrowski | Evaluation of structural characteristics determining surface and foaming properties of β-lactoglobulin aggregates[END_REF]. En effet, les principaux mécanismes à l'origine de l'instabilité de la mousse changent selon la structure de la mousse. Nous avons travaillé sur deux types de mousses, avec des tailles de bulles millimétriques et micrométriques, qui nous ont permis de mettre en évidence que les protéines, selon les conditions expérimentales, peuvent exceller sur un domaine spécifique de stabilité comme le mûrissement et être de moins bonnes candidates sur d'autres domaines comme la résistance à la rupture de la mousse.

Comme évoqué précédemment, les étapes de pré-conditionnement des poudres permettent de s'affranchir de l'histoire des poudres et de générer de petites modifications structurales qui ont un géométries et méthodes de mesure des T1, s'affranchissant des frottements, existent [START_REF] Gopal | Nonlinear Bubble Dynamics in a Slowly Driven Foam[END_REF][START_REF] Weaire | Instabilities in liquid foams[END_REF]Biance et al., 2009). Nos travaux expérimentaux sur les protéines, ont permis de valider un modèle obtenu par simulations numériques sur la rhéologie des mousses sèches en 2D [START_REF] Zaccagnino | Simulation of surfactant transport during the rheological relaxation of two-dimensional dry foams[END_REF]. Une des hypothèses de ce modèle suppose un transfert de surfactant entre films liquides adjacents, au travers des vertex, sans qu'il n'y ait d'échange avec la phase continue. Cependant, la mobilité latérale des protéines est plus faible que ceux des petits surfactants, ainsi la vérification de cette hypothèse est une vraie question pour les protéines.

Pour aller plus loin dans les mécanismes liés aux procédés

Nous avons mis en évidence que les étapes de pré-conditionnement sont très importantes pour améliorer les propriétés moussantes, pour le WPI comme pour la β-lg purifiée. Il serait intéressant d'ajouter des individus contrôles après chaque étape du pré-conditionnement (précipitation à pH 4,6, congélation, lyophilisation, conditionnement de l'aw) afin de clarifier l'impact de chacune de ces étapes sur les propriétés interfaciales et la rhéologie des mousses. Une caractérisation plus fine des modifications structurales pour chacun de ces témoins pourrait être réalisée par des méthodes comme le dichroïsme circulaire ou la spectroscopie infrarouge.

Bien que les films interfaciaux de la β-lg présentent un comportement visco-élastique plus marqué que les films interfaciaux de WPI, les mousses de WPI ont une déformation et une contrainte à la rupture plus élevées. Dans ce dernier cas, les liens entre mousse/interface sont complexes. Nous pensons que les propriétés mécaniques de la phase continue pourraient en partie expliquer ces observations. La continue. L'ajout de nos protéines pré-conditionnées et étuvées à pH 3,5 pourrait être intéressant pour limiter ces additifs ou en diminuer leur teneur.

Cependant, des surfactants de faible poids moléculaire (LMW surfactants) peuvent également être utilisés dans des chantilly, comme les mono et diglycérides d'acide gras. Certains travaux ont mis en évidence des compétitions pour l'interface eau/air et eau/huile entre les protéines et les émulsifiants [START_REF] Husband | Comparison of foaming and interfacial properties of pure sucrose monolaurates, dilaurate and commercial preparations[END_REF][START_REF] Dan | Interfacial rheology of mixed layers of food proteins and surfactants[END_REF][START_REF] Munk | Competitive Displacement of Sodium Caseinate by Low-Molecular-Weight Emulsifiers and the Effects on Emulsion Texture and Rheology[END_REF][START_REF] Jiang | Synergetic interfacial adsorption of protein and low-molecular-weight emulsifiers in aerated emulsions[END_REF]. Comme ils sont plus petits que les protéines, leur adsorption est plus rapide, et ils couvrent facilement l'interface. La présence d'acides gras ou de monoglycérides peut perturber la cohésion du film visco-élastique à l'interface et avoir des effets détériorant sur la stabilité des mousses [START_REF] Huppertz | Foaming properties of milk: A review of the influence of composition and processing[END_REF]. Ainsi, en présence de LMW surfactants, les poudres de WPI étuvées ou pré-conditionnées à pH 3,5 perdent un peu de leur intérêt. Pour limiter les effets négatifs, il est possible d'agir sur la concentration du LMW surfactant et sa nature. Certains émulsifiants comme les esters d'acide acétique ou de sucrose sont plus efficaces pour stabiliser les émulsions aérées (Gaupp and Adams, 2007;Moonen and Bas, 2007).

Fromages fouettés

Nous avons vu dans cette thèse que les mousses de WPI étuvées à pH 3,5 pendant 125 h avaient une déformation à la rupture la plus élevée. Ainsi, les ingrédients à pH 3,5 pourraient être utilisés dans des matrices fromagères fouettées pour augmenter leur tartinabilité.

La plupart des matrices fromagères sont composées de caséines, qui stabilisent notamment les émulsions [START_REF] Dickinson | Structure formation in casein-based gels, foams, and emulsions. Colloids and Surfaces A: Physicochemical and Engineering Aspects, Papers from "Formula IV: Frontiers in Formulation Science[END_REF] 

Conclusions

En conclusion, une bonne compréhension des mécanismes d'évolution des mousses est un prérequis pour trouver des leviers d'action sur la stabilité et la texture des mousses. La transposition de la physique des mousses de petits surfactants aux mousses de protéines alimentaires constitue une des originalités de cette thèse. Cependant, nos travaux se sont focalisés sur des mousses aqueuses éloignés de systèmes alimentaires comme les chantilly ou fromages fouettés. La combinaison d'interface eau/air et eau/huile constitue un autre niveau de complexité qu'il serait intéressant de traiter à des fins plus applicatives.
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 1 Figures

Fig

  Fig. II.9 Mechanism of protein glycation between a lactose and a protein lysine residue (Dyer et al., 2016) Fig. II.10 Structure of casein micelle (Ortega-Requena and Rebouillat, 2015) Fig. II.11. Whey protein aggregates, adapted fromNicolai and Durand (2013). Strands are produced under high electrostatic repulsion between proteins (above or below the pI at low ionic strength), whereas spherical particles are produced under attractive condition between proteins (at the pI, or above or below the pI at high ionic strength).

Fig

  Fig. III.1 β-lactoglobulin purification (a) microfiltration of skimmed milk (0.1 µm) separates the whey proteins (microfiltrate) and the caseins (retentate) (b) picture of ultrafiltration membrane Fig. III.2 Protein samples preparation Fig. III.3 Examples of protein solutions reconstitued at (a) 50 g/L 1 untreated β-lg ; 2 untreated WPI ; 3 L WPI pH 3.5 0 h aw 0.23 ; 4 L WPI pH 3.5 125 h aw 0.23 ; 5 sodium caseinate (b) and 2 g/L 1 L WPI pH 3.5 0 h aw 0.23 ; 2 L WPI pH 3.5 125 h aw 0.52 ; 3 D WPI pH 5.0 125 h aw0.52 ; 4 L WPI pH 6.5 125 h aw 0.23 ; 5 D WPI pH 3.5 125 h aw 0.52 ; 6 L WPI pH 6.5 125 h aw 0.52 ; 7 L WPI pH 5.0 125 h aw 0.52

Fig. III. 4

 4 Fig. III.4 Example of deconvoluted mass spectrum for purified β-lg Fig. III.5 Examples of methods used to measure interfacial tension[START_REF] Berry | Measurement of surface and interfacial tension using pendant drop tensiometry[END_REF] 

Fig. III. 8

 8 Fig. III.8 Film relaxation after a T1 (a) image processing 1 picture conversion to 8 Bit 2 background removal and 3 mean filter 4 skeletonisation step 5 erode (option 1/6) and analyse 'particles' giving Ya and Yb coordinates for each picture (b) extraction of t90 parameter Fig. III.9 Reverse phase-HPLC chromatograms (a) not aligned (b) aligned as described in section 3.2 Fig. IV.1 Preparation of samples. (1), (2) and (3) were control samples. Sample (1) underwent only the precipitation at pH 4.6. Besides the precipitation, (2) was freeze-dried at pH 3.5 and (3) at pH 6.5. D samples have a 10 times lower lactose content than L samples which keep their native lactose content.

Fig

  Fig. IV.2 Schematic representation of the foam column (height 50 cm and diameter 2 cm) in which 10 pairs of electrodes (ex) are embedded, facing each other along the height at equal distance Fig. IV.3 Picture of whey protein foam by CCD camera

Fig. IV. 6

 6 Fig. IV.6 Factorial maps of scores on PC2 vs PC1 of dry-heated samples (101 samples among the 143 used to perform the PCA) represented according to their dry-heating time (a) or pH (b). Each circle corresponds to one foam, and the filling colour depends on the value of the indicated parameter. The size of the circles figures the individual projection quality on the map: the larger the circle, the better the projection. Samples A, B, C, and D are imaginary samples reconstituted as explained in the text (section 1.3.1). Fig. IV.7 Liquid fraction profiles calculated for imaginary samples A and B on PC1 (a) and C and D on PC2 (b). A and B (C and D, respectively) are located at plus or minus twice the standard deviations from the mean sample score on PC1 (PC2, respectively), as explained in the text (section 1.3.1).

Fig. V. 1

 1 Fig. V.1 Preparation of dry-heated powder samples. D samples have a 10 times lower lactose content than L samples which keep their native lactose content.

Fig. V. 2

 2 Fig. V.2 Factorial maps of scores on PC2 vs PC1 of samples, as regards their size-exclusion-HPLC chromatograms, represented according to their dry-heating times (a) or lactose (b). Each circle corresponds to one chromatogram, and the filling colour depends on the value of the indicated parameter. Samples A, B, C, and D correspond to imaginary chromatograms reconstituted as explained in the text.

Fig. V. 3

 3 Fig. V.3 Reconstituted imaginary size-exclusion-HPLC chromatograms (a) A and B or (b) C and D, illustrating the meaning of PC1 (a) and PC2 (b) respectively. A, B, C and D are located at plus or minus 2 standard deviations from the mean sample score on the PCs. P2 peak corresponds to α-lactalbumin monomer and P1 peak corresponds to native monomer-dimer equilibrium of β-lactoglobulin. Fig. V.4 Factorial maps of scores on PC2 vs PC1 of samples, as regards their reverse phase-HPLC chromatograms, represented according to their dry-heating times (a) or pH (b). Each circle corresponds to one chromatogram, and the filling colour depends on the value of the indicated parameter. Samples A, B, C, and D correspond to imaginary chromatograms reconstituted as explained section 1.3.1.

Fig. V. 5

 5 Fig. V.5 Reconstituted imaginary reverse phase-HPLC chromatograms (a) A and B or (b) C and D, illustrating the respective meanings of PC1 (a) and PC2 (b) respectively. A, B, C and D are located at plus or minus two standard deviations from the mean sample score on the PCs. P1, P2 and P3 peaks correspond respectively to native α-lactalbumin, native variant B and A of β-lactoglobulin. Fig. V.6 Effect of pH 3.5 β-lg pre-conditioning on interfacial shear moduli (a) elastic modulus (b) viscous modulus. Powders have been reconstituted at 2.0 g/L with a solution of 100 mM NaCl and adjusted to pH 7.0. Fig. VI.1 2D foam structures obtained by applying an increasing shear strain : (a) undeformed bubbles; (b) deformed bubbles storing elastic energy; (c) critical configuration at which the length of the edge separating bubbles marked 2 and 3 shrinks to zero; (d) new equilibrium configuration. Adapted from Höhler and Cohen-Addad (2005).

Fig. VI. 2

 2 Fig. VI.2 Protein samples preparation Fig. VI.3 A two-dimensional T1 topological rearrangement (the transition between the configuration (a) and configuration (c)). (a) initial configuration; (b) unstable intermediate configuration in which four films meet at a point; (c) spontaneously, a new liquid film forms and then grows until a static equilibrium configuration is reached. In equilibrium, three films meet at 120° due to the minimisation of area according to Plateau's law as observed in configurations (a) and (c).

Fig. VI. 4

 4 Fig. VI.4 The 5-film setup for T1 Fig. VI.5 Example of WPI foam (50 g/L) freshly produced by the two-syringe technique Fig. VI.6 Typical image of a bubble raft for untreated β-lg (50 g/L) Fig. VI.7 Typical kinetics of the interfacial dilatational modulus for different samples: (a) real part E'; (b) imaginary part E''.

Fig. VI. 8

 8 Fig. VI.8 Typical kinetics of the interfacial dilatational modulus (real part E', imaginary part E'') for β-lg samples (a, b) and WPI samples (c, d). Black, blue, and red curves correspond to untreated samples, preconditioned samples and dry-heated samples respectively. Dark blue and red curves correspond to pH 3.5 whereas light blue and red curves correspond to pH 6.5.

Fig

  Fig. VI.9. Typical curves of interfacial tension (σ) decrease as a function of time for different samples. (a) untreated samples; (b) processed samples at pH 6.5; and (c) at pH 3.5. Triangles: WPI samples. Circles: β-lg samples. Red: samples processed by dry-heating. Blue: samples processed only by pre-conditioning.

Fig

  Fig. VI.10 Typical kinetics of elongation of the new film during the relaxation after a T1 event for different samples. The film length L(t) is normalised by its final length L∞.

Fig

  Fig. VI.11 Typical viscoelastic moduli for protein foams undergoing strain-sweep oscillations at a 1 Hz frequency. Storage modulus G': closed symbols. Loss modulus G'': open symbols.

Fig

  Fig. VI.12 The squared reciprocal of the elastic modulus G'(t) normalised by G'0 as a function of time for different protein foams. G'0 is the modulus value at the first measurement. Dashed black lines between 500 and 2000 s represent a linear relationship, whose slope corresponds to a disproportionation rate.

Fig

  Fig. VI.13 log-log power-law fit of the reciprocal of the elastic modulus G'(t) normalised by G'0 as a function of time for different protein foams. G'0 is the modulus value at the first measurement. Dashed black lines between 500 and 2000 s represent a power-law fit relationship, whose exponents is α.

Fig

  Fig. VI.14 Size-exclusion-HPLC chromatograms for (a) WPI dry-heating (b) β-lg dry-heating at different heating times. Samples share the same experimental conditions: aw 0.52 and pH 3.5.

Fig

  Fig. VI.15 log-log plot of the liquid fraction of WPI foams as a function of experimental conditions: dialysed solution at a 2 g/L protein concentration (a) and not dialysed solution at a 50 g/L protein concentration. Both solutions are adjusted at pH 7.0 before to make the foams by bubbling.

Fig

  Fig. VI.16 PCA obtained for 24 foams at a 50 g/L protein concentration (five experimental conditions for each β-lg and WPI samples, repeated at least twice) (a) the liquid fraction profile are shown for imaginary samples (+ or -) to illustrate the meaning of the PC1 axis. Imaginary samples were reconstituted using low or high score on PC1 (-, +); see the text for the details of reconstitution; noisy signal have been removed (gap in data) (b) scores on PC1 for the different samples (common letter indicates that samples are not significantly different at the p<0.05 level).

Fig

  Fig. VI.17 Comparison of interfacial properties for different samples. E', E'' and σ are respectively, storage dilatational modulus, loss dilatational modulus and interfacial tension at 1600 s. The arrows show the samples which have the highest interfacial modulus.

Fig

  Fig. VI.18 PCA of foam liquid profiles, comparison of PC1 scores for different samples. Higher scores on PC1 correspond to higher foam stability against drainage and lower foamability. CasNa, egg-white, and SDS foam profiles are projected as illustrative observations on the existing PCA presented previously in Fig. VI.16. Fig. VI.19 Comparison of the yield stress obtained for different samples. The arrow shows the sample which has the highest yield stress.

Fig

  Fig. VI.20 Comparison of foam disproportionation rates obtained by the indirect method described in section 1.3.3, for different samples. The arrow shows the sample which has the lowest disproportionation rate. The two parallel lines indicate that the scale do not match due to the very high disproportionation rate for SDS.

Fig

  Fig. VI.21 Comparison of the oscillatory amplitude sweep obtained for different samples.

Chapter I General introduction and strategy 2 Fig. I. 1

 21 Fig. I.1 Milk protein ingredients used in dairy industry (represented in red) (Suthar et al., 2017)

  The aim of this work was to study the stability and rheology of liquid foams, produced after solubilisation from dry-heated whey protein powders, and the relationships with the protein structure, the interfacial properties and the film dynamics (Fig. I.2).

Fig. I. 2

 2 Fig. I.2 Scheme of the research questionDifferent questions were addressed in this thesis:

Fig. I. 3

 3 Fig. I.3 Strategy used for the thesis

  Fig. II.1 Foam structure at different length scales: interface, liquid film and Plateau border (Rio, 2013) Liquid foams are concentrated dispersions of gas bubbles into a liquid. The foam structure can be described at different length scales (Fig. II.1). First, an interface with adsorbed surfactant separates water from air. Second, neighbouring bubbles are separated by a liquid film, or lamella, with two gasliquid interfaces. Third, three films junction form a canal called Plateau border(Cantat et al., 2013).

Fig. II. 2

 2 Fig. II.2 Force balance on a half-bubble

Fig. II. 4

 4 Fig. II.4 Foam behaves as a solid or a liquid depending on the magnitude of the strainThe mechanical behaviour of foams combined with their low density and their large interfacial area lead to a wide variety of industrial applications. From a rheological point of view, a foam behaves as a solid or a liquid depending on the applied strain Fig. II.4. When a small strain is applied to a foam sample, the bubbles are deformed and thus their interfacial area and interfacial energy increase, giving rise to an elastic stress. The elastic and loss moduli are constant (G'0 and G"0): this is the linear regime of the stress versus strain relationship. If the applied strain is increased beyond the yield strain (respectively, if the stress is increased above a yield stress), bubbles start to rearrange and the foam flows as a liquid. The yield strain (or stress) corresponds to the onset of plastic events, i.e. irreversible bubble rearrangements, called T1s, represented in Fig.II.3. Yield stress can be measured by oscillatory rheometry using an amplitude sweep (Saint-Jalmes andDurian, 1999) or by a vane method(Davis et 

Fig. II. 5

 5 Fig. II.5 The interdependence of bulk foam rheology and instability mechanisms (Hilgenfeldt et al., 2001)

Fig. II. 6

 6 Fig. II.6 Gibbs-Marangoni effect (Salager and Choplin, 2008)

  II.8) (Garrett and Grisham, 2008):-Primary structure: sequence of amino acid residues linked with covalent peptide bonds -Secondary structure: spatial arrangements of the polypeptide chain (helices, β-sheets, random coil structures...) -Tertiary structure: assembly of secondary structures which constitutes the three-dimensional conformation -Quaternary structure: non-covalent assembly of monomers.

Fig. II. 8

 8 Fig. II.8 Protein structure (a) polypeptide chain. R corresponds to the side chains of the amino acids. The side chains of the amino acids R can be reactive in particular lysine and cysteine (Walstra et al., 1999) (b) α-Helix structure (Garrett and Grisham, 2008) (c) schematic representation of the three-dimensional structure of β-lactoglobulin. Disulphide bonds are represented in yellow and individual β-strands forming β-sheets are identified with a letter (Ikeguchi, 2014).

Fig. II. 9

 9 Fig. II.9 Mechanism of protein glycation between a lactose and a protein lysine residue (Dyer et al., 2016)

Fig

  Fig. II.10 Structure of casein micelle (Ortega-Requena and Rebouillat, 2015)

Fig. II. 11 .

 11 Fig. II.11. Whey protein aggregates, adapted from Nicolai and Durand (2013). Strands are produced under high electrostatic repulsion between proteins (above or below the pI at low ionic strength), whereas spherical particles are produced under attractive condition between proteins (at the pI, or above or below the pI at high ionic strength).

Fig

  Fig. III.1 β-lactoglobulin purification (a) microfiltration of skimmed milk (0.1 µm) separates the whey proteins (microfiltrate) and the caseins (retentate) (b) picture of ultrafiltration membrane

Fig

  Fig. III.2 Protein samples preparation

Fig. III. 4

 4 Fig. III.4 Example of deconvoluted mass spectrum for purified β-lgUsually, a mass spectrum corresponds to the relative abundance of ions detected as a function of their m/z (mass/charge ratio). Mass spectra are complex to analyse due to some interferences, and isotopic distribution. Deconvoluted mass spectrum can be used in order to extract a signal from raw experimental data (Fig.III.4). In this case, the relative abundance of ions detected is represented as a

Foams

  were obtained by bubbling air into the protein solution (40 mL) through a porous glass disk placed at the bottom of a column until contact of the foam with the top e01 electrode (Fig. IV.2 p.53).

Fig. III. 5

 5 Fig. III.5 Examples of methods used to measure interfacial tension (Berry et al., 2015)

Fig. III. 7

 7 Fig. III.7 Cross-section of double wall-ring geometry for interfacial shear rheometer (Vandebril et al., 2009). In our work, liquid 1 is a protein solution and liquid 2 corresponds to the ambient air. Interfacial shear rheology measurements were performed on a liquid/air interface, using a rheometer (Discovery Hybrid Rheometer DHR 2, TA instruments) with a double wall-ring geometry (Fig. III.7).

Film

  dynamics measurements have been carried out in the Maths department of Aberystwyth university (Wales), under the supervision of Simon Cox. We managed to observe a T1 for proteins without co-surfactant adding. It was made possible by the use of a high protein concentration. 50 g/L protein concentration for T1 measurements is a compromise between the stability of films (hence, the feasibility of T1 experiments) and the consumption of purified protein. Using 25 g/L protein solutions led to much more frequent film ruptures, thus preventing the achievement of suitable initial conditions for T1. The T1 process corresponds to the transition between two equilibrium film structures illustrated as configurations (a) and (c) (Fig. VI.3 p.114).We studied the relaxation of the films following the change of topology by measuring the length L of the new film as a function of time until static equilibrium is reached (configurations (b) and (c)).

Fig. III. 8

 8 Fig. III.8 Film relaxation after a T1 (a) image processing 1 picture conversion to 8 Bit 2 background removal and 3 mean filter 4 skeletonisation step 5 erode (option 1/6) and analyse 'particles' giving Ya and Yb coordinates for each picture (b) extraction of t90 parameter

  components are usually ordered by decreasing order of variance, in such a way that the first few principal components provide a summary of variability in the data set. Scores of observations on principal components allow to draw similarity maps where each observation is represented by a point (Abdi and Williams, 2010). In the input of PCA, observations were foams or chromatograms. Prior to PCA for chromatograms, in order to cancel the influence of retention time fluctuations in the chromatogram series, chromatograms were aligned by i) locating five reference peaks in each chromatogram, ii) fitting for each chromatogram a third-order polynomial function transforming the observed retention times into reference times, iii) transforming for each chromatogram the initial time scale using the fitted function and iv) interpolating each transformed chromatogram so as to get a common time scale for all the chromatograms (Fig. III.9).

Fig. III. 9

 9 Fig. III.9 Reverse phase-HPLC chromatograms (a) not aligned (b) aligned as described in section 3.2

  Lyophilised powders were adjusted to water activities of 0.12, 0.23, or 0.52 by storage for two weeks at room temperature in desiccators containing saturated LiCl, MgCl2 or Mg(NO3)2 solutions, respectively. Water activity of commercial dairy powders is usually close to 0.23. The water activity of powders before and after dryheating was checked using an aw-meter (Novasina, Axair Ltd, Switzerland). Powders were then dryheated at 70°C for 0, 1, 5, 25 or 125 h in hermetically sealed bottles. Control samples were evaluated at intermediate stages of sample preparation (Fig. IV.1). Sample (1) underwent only the precipitation at pH 4.6. Samples (2) and (

Fig. IV. 1

 1 Fig. IV.1 Preparation of samples. (1), (2) and (3) were control samples. Sample (1) underwent only the precipitation at pH 4.6. Besides the precipitation, (2) was freeze-dried at pH 3.5 and (3) at pH 6.5. D samples have a 10 times lower lactose content than L samples which keep their native lactose content.

Fig. IV. 2

 2 Fig. IV.2 Schematic representation of the foam column (height 50 cm and diameter 2 cm) in which 10 pairs of electrodes (ex) are embedded, facing each other along the height at equal distance

Fig. IV. 3

 3 Fig. IV.3 Picture of whey protein foam by CCD camera

Fig

  Fig. IV.4a and Fig. IV.4b show typical log-log plots of conductivity in foams, converted to liquid volume fraction, as a function of time, for different electrodes (i.e., heights). For a given electrode, the initial steep increase indicates that the foam formed by air bubbling in the protein solution reached the height of the electrode. The bottom electrode (e07) detects the foam first, the top electrode (e03) detects the foam last. When bubbling is stopped, the liquid fraction reaches a maximum. The higher the electrode, the lower the maximum liquid fraction: this is due to liquid drainage occurring already during the foam formation and upward progression. In the case of Fig. IV.4, the maximum liquid fractions range between 0.13 and 0.23.

Fig. IV. 4

 4 Fig. IV.4 Typical log-log plots of the liquid fraction of WPI foams as a function of time at different electrodes (ex). Fig. IV.4a and Fig. IV.4b show two different foams sharing the same parameters (0 h, D, aw 0.52) except their pH prior to dehydration, pH 5.0 and pH 3.5 respectively. The exponent α or drainage rate is represented by a dashed line at e03 as an example. In the general case, the dual output of PCA consists of i) principal components, which are loadings of the initial variables in the principal components and depict the main dimensions of variability among observations, and ii) scores, which are the coordinates of observations on principal components, used to draw similarity maps where observations are projected. Fig. IV.5, Fig. IV.6 and Fig. IV.7 show the results of PCA on the first two principal components PC1 and PC2. The cumulated proportion of variance accounted for by PC1 and PC2 is 74.5 % (53.0 % and 21.5 %, respectively). PC3 was not considered because it accounted for less than 10 % of total variance. Fig. IV.5 and Fig. IV.6 show projections of observations on the map defined by PC1 and PC2, for all the non dry-heated samples (Fig. IV.5) and only the dry-heated samples (Fig. IV.6).

Fig. IV. 5

 5 Fig. IV.5 Factorial maps of scores on PC2 vs PC1 of non dry heated samples (42 samples among the 143 used to perform the PCA) represented according to their aw (a) or pH (b). Each circle corresponds to one foam, and the filling colour depends on the value of the indicated parameter. The size of the circles figures the individual projection quality on the map: the larger the circle, the better the projection. Control samples without aw adjustment are represented by numbers surrounded by a black circle, as detailed in section 1.2.2.1. Samples A, B, C, and D are imaginary samples reconstituted as explained in the text (section 1.3.1). Reconstituted imaginary foams A and B in Fig. IV.7a correspond to samples with low and high scores, respectively, on PC1 (Fig. IV.5 and Fig. IV.6). Whatever the electrode (Fig. IV.7), over the whole kinetics, the liquid fraction of sample B, decreases slower than the liquid fraction of sample A. Thus, whatever the electrode (Fig. IV.7a), sample B is more stable than sample A. In addition, the maximum

Fig. IV. 6

 6 Fig. IV.6 Factorial maps of scores on PC2 vs PC1 of dry-heated samples (101 samples among the 143 used to perform the PCA) represented according to their dry-heating time (a) or pH (b). Each circle corresponds to one foam, and the filling colour depends on the value of the indicated parameter. The size of the circles figures the individual projection quality on the map: the larger the circle, the better the projection. Samples A, B, C, and D are imaginary samples reconstituted as explained in the text (section 1.3.1).

Fig

  Fig. IV.6 shows that dry-heating of whey proteins impacts their foaming behaviour with a complex dependence on dry-heating parameters such as pH prior dehydration for example (Fig. IV.6b). In more details, dry-heating at pH 5.0, whatever the time, results in low scores on PC1 (Fig. IV.6b), suggesting low foam stability of these samples. On the other hand, dry-heating for 125 h, whatever the pH prior to dehydration, increases score on PC2 (Fig. IV.6a), suggesting rather high foam stability at the top of the foam. Those results suggest complex interactions between dry-heating parameters. They also show that the effect of powder pre-conditioning (Fig. IV.5) is in the same order of magnitude as the effect of subsequent dry-heating (Fig. IV.6). In order to obtain quantitative estimations of the effects of dryheating parameters and their interactions on foam stability, analysis of variance (ANOVA) was performed.

  Fig. IV.8 shows the values predicted by the model for scores on PC1 (i.e. foam stability) as a function of pH, dry-heating time and lactose content for samples dry-heated at an aw of 0.52. This aw was chosen for data representation because it emphasised the effects of dry-heating. In this case, the optimal foam stability corresponds to no or short dry-heating (0 h or 1 h), whatever the lactose content. However, since the colours are overall lighter for reduced lactose content (Fig. IV.8a), decreasing the lactose content increases samples scores on PC1, and thus their foam stability. On the opposite, extensive dry-heating (125 h) at pH 5.0 and pH 6.5 decreases the foam stability and the effect strengthens with lactose content (Fig. IV.8b). In contrast, dry-heating at pH 3.5 preserves or even improves the foam stability for extended dry-heating.

Fig. IV. 8

 8 Fig. IV.8 Graphical representations of values predicted by the model for scores on PC1 as a function of pH and heating time at aw 0.52 with (a) a reduced amount of lactose "D" and (b) the initial amount of lactose "L". Each cell is coloured according to the predicted score on PC1. The higher the predicted score on PC1 the higher the foam stability. Greyed cells correspond to missing estimations due to the fractional experimental design.

Fig. IV. 9

 9 Fig. IV.9 Graphical representations of values predicted by the model for scores on PC2 as a function of aw and heating time at pH 6.5 (a) and pH and heating time at aw 0.52 (b). Each cell is coloured according to the predicted score on PC2. The higher the predicted score on PC2 the higher the foam stability at the top of the foam. Greyed cells correspond to missing estimations due to the fractional experimental design. The results of ANOVA thus validate the tendencies previously observed on PCA maps (Fig. IV.5, Fig. IV.6): they highlight the major role of interactions between pre-conditioning and dry-heating parameters.

Table IV. 2

 2 ANOVA p-values of main effects and interactions for PC1, for the complete experimental design at pH 3.5. For a p-value higher than 0.05, effects and/or interactions were considered as not significant (NS) and were eliminated. The lactose main effect was kept due to the highly significant time:lactose interaction. aw time lactose aw:time aw:lactose time:lactose PC1 0.0021 0.0020 0.6985 0.0008 NS <10 -4 The model R 2 is 64.03 %. Fig. IV.10 illustrates the model predictions for PC1 scores (the estimated effects are provided in supplementary data, Table

Fig. IV. 10

 10 Fig. IV.10 Graphical representation of the model predictions for PC1 of the PCA performed on the complete factorial design at pH 3.5, as a function of lactose content and dry-heating time at aw 0.52 and pH 3.5. Each cell is coloured according to the predicted score on PC1. The higher the predicted score on PC1 the higher the foam stability.

  . IV.8, Fig. IV.9 and Fig. IV.10).

  . IV.8 and Fig. IV.10). Thus, since the presence of lactose during the powder storage is known to lead to lactosylation (i.e.

Fig. IV. 8

 8 Fig. IV.8 shows that extensive dry-heating (125 h) at pH 5.0 and pH 6.5 decreased foam stability, and this effect strengthens with increasing lactose content. On the contrary, dry-heating for 125 h at pH 3.5 with lactose improved foam stability (Fig. IV.10). This observation suggests the existence of a

Fig

  Fig. A. PCA obtained from the complete experimental design at pH 3.5 A1: factorial map of scores on PC2 vs PC1. Each circle corresponds to one foam, and the filling colour depends on the value of the indicated dry-heating time. The size of the circles figures the individual projection quality on the map: the larger the circle, the better the projection. To illustrate the meaning of PCA axes PC1 and PC2, imaginary samples were reconstituted using low or high score on PC1 (A.2) or PC2 (A.3); see the text for the details of reconstitution. Their location on factorial maps is shown by circles labelled A, B, C or D (A.1). The corresponding liquid fraction profiles are shown (A.2: A and B; A.3: C and D).

Fig

  Fig. IV.11 log-log plot of the liquid fraction of WPI foams as a function of time at electrode e03. Foams share the same experimental conditions (L, pH 3.5, aw 0.23, 2 g/L, dialysed) except their dry-heating time, 0 h and 125 h in blue and red respectively. Repetitions for each set of conditions are plotted.

  the different drainage exponents α obtained. Indeed, α informs about the interfacial mobility, in particular the interfacial shear viscosity. Higher shear viscosity reduces drainage rate. Thus, we measured shear interfacial rheology for different dialysed protein solution used to make the foams (as indicated in Fig. IV.1). However, measurements did not bring valuable information due to their low ionic strength, which lead to very low moduli as shown in Fig. IV.12.

Fig. IV. 12

 12 Fig. IV.12 Interfacial shear moduli for a same WPI powder reconstituted at 2.0 g/L with (i) deionised water and successively dialysed against deionised water (the same condition to make the foams) (in black), or (ii) with a 100 mM NaCl. Both are adjusted to pH 7.0 before the measurement

Fig

  Fig. IV.13 Interfacial shear moduli for different WPI powders reconstituted at 2.0 g/L with 100 mM NaCl and adjusted to pH 7.0 before the measurement. WPI solutions share the same experimental conditions (pH 3.5, aw 0.52), except their dry-heating time and their lactose content.

  nature of the carbohydrate, experimental conditions (e.g. thermal treatment, powder aw) and mode of foam formation (whipping, bubbling) (O'[START_REF] Norwood | Structural markers of the evolution of whey protein isolate powder during aging and effects on foaming properties[END_REF].[START_REF] Nacka | Induction of New Physicochemical and Functional Properties by the Glycosylation of Whey Proteins[END_REF];Medrano et al. (2009) have shown an increased emulsifying properties and foam stability against drainage for lactosylated β-lg upon powder dry-heating.

Fig. V. 1

 1 Fig. V.1 Preparation of dry-heated powder samples. D samples have a 10 times lower lactose content than L samples which keep their native lactose content. Spray-dried WPI was dissolved in 15 mΩ-resistivity ultrapure water, obtained by reverse osmosis, at a protein concentration of 70 g/L. A part of samples (name prefixed with "D" in the following) was dialysed against ultrapure water to reach 0.2 % (w/w) of lactose (10-fold reduction) (Fig. V.1). The

A

  multifactorial experimental design was built with pH, aw and dry-heating time as variables. Since the complete design would need 45 combinations (3 pH × 3 aw × 5 time periods), a fractional design of Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 83 20 conditions were selected by a backward selection algorithm, based on the maximisation of the information matrix determinant (D-efficiency), with the Statgraphics software (Statgraphics Technologies, Inc).

Fig. V. 2

 2 Fig. V.2 Factorial maps of scores on PC2 vs PC1 of samples, as regards their size-exclusion-HPLC chromatograms, represented according to their dry-heating times (a) or lactose (b). Each circle corresponds to one chromatogram, and the filling colour depends on the value of the indicated parameter. Samples A, B, C, and D correspond to imaginary chromatograms reconstituted as explained in the text. In the general case, PCA outputs new synthetic variables, which are linear combinations of the initial variables, homologous to chromatograms in the present case and can be represented as such (Fig. V.3). PCA also outputs the values of those synthetic variables for each initial observation, called scores, with can be used as coordinates to draw similarity maps where observations are projected (Fig. V.2).

Fig

  Fig. V.2a and Fig. V.2b show the scores obtained by PCA of size-exclusion chromatograms, for the first two principal components. The cumulated proportion of variance for PC1 and PC2 is 92.7 %

Fig. V. 3

 3 Fig. V.3 Reconstituted imaginary size-exclusion-HPLC chromatograms (a) A and B or (b) C and D, illustrating the meaning of PC1 (a) and PC2 (b) respectively. A, B, C and D are located at plus or minus 2 standard deviations from the mean sample score on the PCs. P2 peak corresponds to α-lactalbumin monomer and P1 peak corresponds to native monomer-dimer equilibrium of β-lactoglobulin. Solutes are eluted in decreasing order of molecular weight (Fig. V.3). Native is eluted between 9.5 min

  V.3a correspond to chromatograms with low and high scores, respectively, on PC1. As compared to chromatogram A, chromatogram B shows increased oligomers and polymers contents, at the expense of the native protein peaks. Thus, increasing the score on PC1, i.e. moving from A towards B on the factorial map (Fig. V.2), is associated with an increase in the protein polymerisation and a decrease in the amounts of native β-lg and α-la. It should be noted that chromatogram A does not show polymers. The imaginary chromatograms C and D, corresponding to low and high scores, respectively, on PC2, are shown in Fig. V.3b. As compared to chromatogram C, chromatogram D shows a relative shift of the β-lg peak towards a shorter elution time. It should be noted that PC2 is not associated to changes in the native protein peaks. In other words, increasing the score on PC2, i.e. moving from C towards D on the factorial map (Fig. V.2), is essentially associated with a displacement of the monomer-dimer equilibrium of β-lg towards the dimer state.Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 87The location of experimental chromatograms on the factorial map thus can be interpreted in terms of chromatographic differences. Fig.V.2a shows that extensive dry-heating (125 h) leads to the formation of oligomers and aggregates (in samples preferentially located on the right side of the factorial map). Most of the samples, between 0 and 25 h of dry-heating, have scores slightly lower than the average zero score on PC1. Interestingly, non-dry-heated samples (0 h) are mainly spread out along PC2, suggesting that the pre-conditioning steps prior to dry-heating essentially altered the monomer-dimer equilibrium of β-lg. L samples are preferentially located on top of the factorial map (Fig. V.2b), suggesting that the presence of higher lactose content promotes a displacement of the β-lg dimerisation equilibrium towards the dimer state.

Fig. V. 4

 4 Fig. V.4 and Fig. V.5 show the results of PCA carried out on reverse phase chromatograms. The variances accounted for by the first two principal components PC1 and PC2 are 77.0 % and 7.8 % respectively. To help the interpretation of the results of PCA, we reconstituted illustrative, imaginary chromatograms with low or high scores on each of PC1 and PC2. Thus, reconstituted imaginary chromatograms A and B in Fig. V.5a correspond to chromatograms with low and high scores on PC1 respectively (Fig. V.4).

Fig. V. 4

 4 Fig. V.4 Factorial maps of scores on PC2 vs PC1 of samples, as regards their reverse phase-HPLC chromatograms, represented according to their dry-heating times (a) or pH (b). Each circle corresponds to one chromatogram, and the filling colour depends on the value of the indicated parameter. Samples A, B, C, and D correspond to imaginary chromatograms reconstituted as explained section 1.3.1.

  Fig. V.4 illustrates the distribution of the samples according to their reverse phase chromatograms. Fig. V.4a and Fig. V.4b show the effect of dry-heating time and pH prior dehydration on PC1 and PC2. Extensive dry-heating (125 h) increases scores on PC1, suggesting a loss of native proteins, the formation of molecular species with increased hydrophobicity, and slight structural changes of proteins (lactosylations). Interestingly, pre-conditioned samples (0 h) are mainly spread out along PC2 (scores from 0 to -1.5) with low scores on PC1. Thus, the pre-conditioning step induces slight structural changes of proteins. Fig. V.4b do not show any clear tendency as regards the effect of pH prior dehydration on protein lactosylations.

  Fig. V.1. Previous work has established that whey proteins undergo conformational changes in solution which depend on the pH. β-lg shows different quaternary structures depending on the pH of the solution: monomer (pH<3.5 and pH>7.5), dimer (5.5<pH<7.5) or octamer (3.5<pH<5.2) (Fox and McSweeney, Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 92 2003

  PCs scores for selective conditions (pH 3.5, 0 or 1 h, whatever the aw and the lactose content). PCs have been renamed by their main features as regards structural modifications. For a p-value>0.05 variables and/or interactions were considered as not significant (NS). To summarise, the relationships between structural changes and foam stability are complex if we consider the whole dataset, marked by low magnitude correlations. As discussed in section 1.4.1.1 and 1.4.1.2, dry-heating may induce simultaneously slight conformational changes and the formation of aggregates, with different extent and nature depending on the parameters. For instance, Hiller and Lorenzen, (

  viscosity. The liquid flow inside Plateau borders during drainage shears the liquid-gas interface transversally to the flow direction. Leonard and Lemlich have modeled the flow through single Plateau borders and have shown that the drainage rate depends on a mobility parameter M defined as:Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability

Fig

  Fig. V.6 Effect of pH 3.5 β-lg pre-conditioning on interfacial shear moduli (a) elastic modulus (b) viscous modulus. Powders have been reconstituted at 2.0 g/L with a solution of 100 mM NaCl and adjusted to pH 7.0.

  d'agrégats. Par contre, l'étuvage de WPI génère des agrégats. Ainsi, nous pensons que la présence d'agrégats dans la phase continue pour les mousses de WPI contribue largement aux propriétés moussantes et expliquerait pourquoi moins de corrélations sont obtenues avec les propriétés interfaciales. Un autre volet étudie la stabilité des mousses par bullage dans des conditions expérimentales différentes de celles abordées dans le Chapter IV (concentration et force ionique plus élevée). Dans ce chapitre, l'effet du pré-conditionnement des poudres des échantillons est moins marqué. Nous n'avons mis en évidence aucune corrélation entre la rhéologie interfaciale en dilatationnel des protéines et leur stabilité des mousses. Plusieurs hypothèses sont envisagées, l'augmentation de la concentration en protéines pourrait agir majoritairement sur la viscosité de la phase continue et très peu sur les propriétés interfaciales. Comme le drainage dépend de la balance entre la viscosité de la phase continue et la viscosité interfaciale, nous pensons que dans nos conditions expérimentales, la viscosité de la phase continue domine. De plus, les mesures de la rhéologie interfaciale en cisaillement pourrait être plus appropriées que celles en dilatationnel au vu des études supplémentaires du Chapter IV. Comme la thèse s'insère dans un contexte industriel, nous avons également fait ressortir dans ce chapitre que le pré-conditionnement et l'étuvage du WPI à pH 3,5 sont des leviers possibles notamment pour améliorer la stabilité des mousses. De façon à évaluer leurs potentiels pour des applications industrielles, nous avons comparé les WPI pré-conditionné et étuvé à pH 3,5 à des échantillons de référence, comme les protéines de blanc d'oeuf et les caséines. Comme ces travaux ont transposé à des protéines, des méthodes employées sur de petit surfactants, nous les avons également comparés à un petit surfactant (SDS) très utilisé pour des études théoriques des mousses. La section 1 suivante est un manuscrit préparé en vue d'une soumission à Journal of Colloid and Interface Science.

Fig. VI. 1

 1 Fig. VI.1 2D foam structures obtained by applying an increasing shear strain : (a) undeformed bubbles; (b) deformed bubbles storing elastic energy; (c) critical configuration at which the length of the edge separating bubbles marked 2 and 3 shrinks to zero; (d) new equilibrium configuration. Adapted from Höhler and Cohen-Addad (2005).

Fig. VI. 2

 2 Fig. VI.2 Protein samples preparationSpray-dried WPI and freeze-dried β-lg were each dissolved in deionised water. In order to reduce the amount of caseins and insoluble proteins (particularly for the WPI samples), they were adjusted to pH 4.6 by adding 12 N HCl and centrifuged for 30 min at 9000×g (Fig.VI.2). In that way, the supernatant collected from WPI contained a reduced amount of casein and insoluble proteins (from 9.4 % to 5.89 % w/w calculated with eq 3). The solutions were then adjusted to different pH values(3.5 and 6.5) using HCl (12 N) or NaOH (12 N) and lyophilised. Then, lyophilised powders were adjusted to 0.23 water activity (aw), corresponding to common commercial dairy powders aw, by storing for 2 weeks at room temperature in a desiccators containing a saturated MgCl2 solution. The water activity of powders before and after dry-heating was checked using an aw-meter (Novasina, Axair Ltd, Switzerland). Powders with adjusted pH and aw were dry-heated at 70 °C for 0 or 125 hours in hermetically sealed bags. The powders were then solubilised in deionised water at a protein concentration of 50 g/L and adjusted to pH 7.0. It should be noted that all the experiments were performed at the same protein concentration 50 g/L, enabling a direct comparison between different samples, and at room temperature.

  configurations (a) and (c) in Fig. VI.3. We study the relaxation of the films following the change of topology by measuring the length L of the new film as a function of time until static equilibrium is reached (configurations (b) and (c)).

Fig. VI. 3 A

 3 Fig. VI.3 A two-dimensional T1 topological rearrangement (the transition between the configuration (a) and configuration (c)). (a) initial configuration; (b) unstable intermediate configuration in which four films meet at a point; (c) spontaneously, a new liquid film forms and then grows until a static equilibrium configuration is reached. In equilibrium, three films meet at 120° due to the minimisation of area according to Plateau's law as observed in configurations (a) and (c).

Fig. VI. 5

 5 Fig. VI.5 Example of WPI foam (50 g/L) freshly produced by the two-syringe technique

Fig. VI. 6

 6 Fig. VI.6 Typical image of a bubble raft for untreated β-lg (50 g/L)

  measured as a function of time for different samples (Fig. VI.7). NaCas has a very low viscoelastic modulus compared to untreated β-lg and WPI. At early times (t<100 s), NaCas and WPI behave quite similarly but then diverge significantly as time increases. The modulus for untreated β-lg and WPI steadily rises in time, probably because of interprotein interactions. In addition, untreated β-lg shows a higher modulus than untreated WPI.

Fig. VI. 7

 7 Fig. VI.7 Typical kinetics of the interfacial dilatational modulus for different samples: (a) real part E'; (b) imaginary part E''. Further, Fig. VI.8 shows the kinetics of interfacial modulus for β-lg (a, b) and WPI (c, d) samples after processing or not. Interestingly, the dilatational modulus at early times differentiates the samples more effectively than at longer times. For this reason, interfacial properties have been characterised at both

Fig. VI. 8

 8 Fig. VI.8 also illustrates that pre-conditioning and dry-heating effects depend on sample composition (β-lg or WPI). As an example, the maximum values for E'250 s are obtained after pre-conditioning at pH 6.5 for β-lg (≈ 65 mN/m) and pH 3.5 for WPI (≈ 60 mN/m) (Fig. VI.8a and Fig. VI.8c). In addition, the effect of powder dry-heating is to increase the imaginary part E'' (Fig. VI.8b and Fig. VI.8d) for βlg and decrease it for WPI. However, dry-heating of both WPI and β-lg powders significantly decreases E' whatever the pH (Fig. VI.8a and Fig. VI.8c).

Fig. VI. 8

 8 Fig. VI.8 Typical kinetics of the interfacial dilatational modulus (real part E', imaginary part E'') for β-lg samples (a, b) and WPI samples (c, d). Black, blue, and red curves correspond to untreated samples, preconditioned samples and dry-heated samples respectively. Dark blue and red curves correspond to pH 3.5 whereas light blue and red curves correspond to pH 6.5.

Fig

  Fig. VI.9 shows the decrease of interfacial tension (σ) as a function of time for different samples, as a result of protein adsorption and rearrangements. NaCas has the fastest decrease in interfacial tension and the lowest interfacial tension due to its flexible structure (by opposition to globular structure) (Graham and Phillips, 1978). The interfacial tension kinetics for the untreated WPI is quite unusual, showing an initial decrease, then a rise and finally a decrease in the interfacial tension (Fig. VI.9a). This may be explained by protein competition between residual caseins and globular proteins from WPI. Indeed, the processed WPI samples (Fig. VI.9b and Fig. VI.9c) do not show this pattern: precipitation at pH 4.6 (an intermediate stage of sample preparation described in Fig. VI.2) could reduce the casein content in WPI and reduce the protein competition at the interface. Interfacial tension is not affected by dry-heating and pre-conditioning at pH 6.5 whatever the sample composition (Fig. VI.9b). However, WPI and β-lg powders pre-conditioned at pH 3.5 decrease the interfacial

Fig. VI. 10

 10 Fig. VI.10 Typical kinetics of elongation of the new film during the relaxation after a T1 event for different samples. The film length L(t) is normalised by its final length L∞.

Fig

  Fig. VI.10 shows typical normalised film length as a function of time during the relaxation after a T1event for some samples in order to illustrate the variability. The relaxation corresponds to the stretching of a new film until a static equilibrium is reached (normalised length =1). As a first output, the relaxation is faster for SDS (≈ 0.2 s) than for the protein samples (1.23 s -4.56 s). As regards proteins, untreated WPI and β-lg samples relax more quickly than the pre-conditioned samples. NaCas relaxes more slowly than untreated β-lg and WPI samples.

Fig

  Fig. VI.11 shows the foam storage and loss moduli (G', G'') as a function of strain for the different samples. Each foam behaves as an elastic solid at 1 % strain (G'0>G''0). It should be noted that the

Fig. VI. 11

 11 Fig. VI.11 Typical viscoelastic moduli for protein foams undergoing strain-sweep oscillations at a 1 Hz frequency. Storage modulus G': closed symbols. Loss modulus G'': open symbols.

  Fig. A Effect of bulk viscosity on the relaxation time following a T1. Common letter indicates that the samples are not significantly different.

Fig. VI. 14

 14 Fig. VI.14 Size-exclusion-HPLC chromatograms for (a) WPI dry-heating (b) β-lg dry-heating at different heating times. Samples share the same experimental conditions: aw 0.52 and pH 3.5. As shown previously (section 1.4.1), we observed differential effects depending on the sample composition (β-lg or WPI). Fig. VI.14 shows the differential effect on protein aggregation for β-lg and WPI. Fig. VI.14a shows a detrimental effect of WPI dry-heating for 125 h on the native proteins. For instance, the native α-la peak almost disappeared. However, many aggregates were formed at 125 h. As regards β-lg (Fig. VI.14b), only oligomers are produced after dry-heating for 125 h. Finally, the

  Fig. VI.15 illustrates the impact of the increase in protein concentration and ionic strength on the liquid fraction profiles of foams obtained by bubbling.

Fig

  Fig. VI.15a represents a typical foam liquid fraction profiles as obtained from low ionic strength (dialysed solutions), 2 g/L protein solutions in chapter 1, whereas Fig. VI.15b shows a typical foam

Fig

  Fig. VI.15 log-log plot of the liquid fraction of WPI foams as a function of experimental conditions: dialysed solution at a 2 g/L protein concentration (a) and not dialysed solution at a 50 g/L protein concentration. Both solutions are adjusted at pH 7.0 before to make the foams by bubbling.

Fig

  Fig. VI.16 shows the results of PCA, for the first principal component PC1. The proportion of variance accounted for by PC1 is 52.3 %. PC2 was not considered because it accounted for less than 10 % of the total variance. To illustrate the meaning of PC1 as regards foam profiles, we reconstituted imaginary foams located arbitrarily at respective coordinate (±2×σ1, 0, where σ1 is the standard deviation of the sample scores on PC1. Reconstituted imaginary foams (-) and (+) in Fig. VI.16acorrespond to samples with low and high scores on PC1 respectively. Thus, samples with high scores in PC1, are characterised by a lower foamability and a higher foam stability, as for the liquid fraction profiles of imaginary foam (+) (Fig.VI.16a). The peaks observed at the beginning, whatever the electrode, for the imaginary foam (-) reflect differences in the onset of foam formation between foam (-) and foam (+).

Fig

  Fig. VI.16 PCA obtained for 24 foams at a 50 g/L protein concentration (five experimental conditions for each β-lg and WPI samples, repeated at least twice) (a) the liquid fraction profile are shown for imaginary samples (+ or -) to illustrate the meaning of the PC1 axis. Imaginary samples were reconstituted using low or high score on PC1 (-, +); see the text for the details of reconstitution; noisy signal have been removed (gap in data) (b) scores on PC1 for the different samples (common letter indicates that samples are not significantly different at the p<0.05 level).

Fig

  Fig. VI.16b shows that β-lg samples have a lower score on PC1 than WPI samples, meaning that β-lg

Fig. VI. 17

 17 Fig. VI.17 Comparison of interfacial properties for different samples. E', E'' and σ are respectively, storage dilatational modulus, loss dilatational modulus and interfacial tension at 1600 s. The arrows show the samples which have the highest interfacial modulus.

Fig. VI. 19

 19 Fig. VI.19 Comparison of the yield stress obtained for different samples. The arrow shows the sample which has the highest yield stress.

  regards the foam properties (Fig.VI.16). To have an overview about the effect of the dry-heating process, we compared, as for the main features studied in this work, the WPI samples with reference samples, namely egg-white, sodium caseinate and SDS (Fig.VI.17, Fig. VI.18, Fig. VI.19 and Fig. 

Fig

  Fig. VI.21 Comparison of the oscillatory amplitude sweep obtained for different samples.

  de propriétés interfaciales et moussantes ont été obtenues. À notre grande surprise, la variabilité majeure est générée par le pré-conditionnement des poudres, à la fois pour un mélange et une protéine purifiée(WPI et β-lg). En d'autres termes, les étapes de pré-conditionnement des poudres, qui précèdent l'étuvage et qui étaient nécessaires pour le contrôle de certains paramètres comme l'activité de l'eau, génèrent de petits changements de la structure des protéines par rapport aux échantillons étuvés, mais provoquent un effet majeur à toutes les échelles de la mousse étudiée. Par exemple, le pré-conditionnement du WPI à pH 6,5 induit une augmentation de la visco-élasticité interfaciale d'un facteur 2 et une augmentation de la contrainte à la rupture de la mousse également d'un facteur 2 par rapport à un WPI non traité.Parmi les différentes étapes du pré-conditionnement, la précipitation à pH 4,6 vise avant tout à s'affranchir de l'historique de la poudre et réduire la concentration en caséines du WPI, susceptibles d'entrer en compétition avec les protéines de lactosérum pour l'adsorption à l'interface. Nous pensons que cette étape permettrait de se défaire d'espèces tensioactives pouvant être générées durant la production de la poudre ou son stockage. Nos résultats illustrent comment des composants en quantité mineure dans un mélange, peuvent être sélectionnés par l'interface et y supplanter des constituants majeurs de la masse de la solution. En l'occurrence dans notre étude, ces espèces tensioactives détériorent les propriétés moussantes.

  2013), est limitée pour étudier les systèmes avec une faible force ionique. Dans ces conditions, la répulsion électrostatique au sein du film est telle que le film est très peu cohésif. Les modules viscoélastiques en cisaillement sont alors très faibles dans ces conditions, et ne permettent pas de discriminer les différents échantillons protéiques. Parallèlement, les mesures de rhéologie en dilatationnel, sur une même solution à faible concentration en protéines et faible force ionique, sont moins sensibles que la rhéologie interfaciale en cisaillement à cette répulsion électrostatique. En effet, les modules visco-élastiques en dilatationnel obtenus sont d'un ordre de grandeur classique pour des protéines. La rhéologie interfacial en dilatationnel, ou d'autres caractéristiques propres aux mousses, comme des effets de confinement au sein des mousses, ou les propriétés de la phase continue, peuvent être à l'origine des différences observées de vitesse de drainage. Les mesures du drainage à des concentrations en protéines plus élevées, se sont avérées beaucoup moins sensibles à la variabilité générée par les paramètres d'étuvage, par rapport à celles observées à Chapter VII General discussion & perpectives 152 faible concentration et force ionique. Nous proposons que lorsque la concentration en protéines est plus élevée, la viscosité de la phase continue augmente également et atténue le rôle de la rhéologie interfaciale dans les mousses. Par exemple, à une concentration en protéines élevée (50 g/L), le préconditionnement ne joue pas sur le drainage, alors que l'effet est très marqué sur les mesures de la rhéologie des mousses.

  élevées, nous avons montré que les propriétés d'un film interfacial âgé de quelques minutes sont mieux corrélées avec le temps de relaxation T1 et le mûrissement de la mousse. Si l'on compare les échelles de temps, on peut comprendre facilement que l'apparition du nouveau film lors d'un T1, se produisant en quelques secondes, fasse appel à une interface assez jeune. En ce qui concerne le mûrissement, les mesures durent un peu plus d'une demi-heure. Cependant, les corrélations mises en évidence entre le mûrissement et la rhéologie interfaciale pour le WPI correspondent à des interfaces jeunes d'environ ≈4 min. De plus, d'après nos résultats, les cinétiques de rhéologie interfaciale en cisaillement aux temps courts semblent plus pertinentes pour comprendre la stabilité des mousses face au drainage. Nous en concluons que la formation d'un film interfacial viscoélastique de protéines doit être suffisamment rapide pour faire face aux perturbations locales que peut subir la mousse. Ainsi, la cinétique de la formation du film interfacial semble primordiale pour comprendre la stabilité des mousses, puisque cette dernière est un système dynamique se réarrangeant en permanence. Chapter VII General discussion & perpectives 153

  mousses. La comparaison entre un système purifié (β-lg) et un mélange (WPI) nous a permis de découpler les effets du traitement thermique seul de ceux entrelacés avec de la glycation et la réaction de Maillard. D'après nos résultats, l'étuvage de la β-lg n'améliore pas significativement les propriétés moussantes, quelles qu'elles soient. L'étuvage du WPI peut améliorer les propriétés moussantes, mais les effets sont dépendants des paramètres. Ainsi l'étuvage induit des réponses différentes en fonction du système protéique, purifié (β-lg) ou en mélange (WPI), ce qui permet de mettre, une nouvelle fois en lumière, les effets de la glycation à travers la réaction de Maillard et la mise en jeu de l'α-lactalbumine.Nous allons maintenant nous intéresser uniquement aux effets des paramètres d'étuvage sur le WPI. Il est important de noter qu'après remise en solution des poudres préalablement à l'étude des mousses, les solutions de protéines ont été ajustées à pH 7,0. Ainsi, dans nos travaux, la variation de la charge des protéines est minimisée pour toutes les mesures des mousses. Nous avons montré que les échantillons conditionnés à pH 3,5 se différencient de ceux qui ont été conditionnés aux autres pH étudiés. Le pré-conditionnement à pH 3,5 améliore particulièrement la stabilité des mousses au mûrissement. L'étuvage à pH 3,5 augmente la stabilité des mousses au drainage et la résistance à la rupture des mousses. Nous avons attribué ces effets positifs à des lactosylations des protéines et des agrégats, particuliers à pH 3,5. Cependant, l'étuvage à pH 3,5 diminue le pouvoir moussant.L'étuvage du WPI à pH 6,5 a des effets non-monotones sur les mousses. Un traitement thermique long à pH 6,5 détériore la stabilité des mousses au drainage. Nous avons attribué ces effets à une réaction de Maillard trop prononcée. Nous avons émis l'hypothèse que le nombre de résidus de lactose greffés sur les protéines est plus élevé à pH 6,5. Ces lactosylations peuvent améliorer les propriétés moussantes jusqu'à un certain seuil, au-delà duquel ces protéines lactosylées deviennent trop fortement impliquées dans des réactions de Maillard. Un étuvage à pH 5,0 génère des agrégats insolubles qui diminuent la stabilité des mousses au drainage.En ce qui concerne les propriétés mécaniques des mousses, il semblerait que les agrégats, quel que soit le pH (3,5 ou 6,5), augmentent la visco-élasticité des mousses. Cependant la déformation à la rupture semble dépendre du pH. Nous proposons que des étuvages plus longs à pH 3,5, pourraient être un levier pour augmenter la déformation à la rupture des mousses. Il est à souligner que les protéines de blanc d'oeuf, qui sont ingrédient protéique alimentaire de référence, ont une déformation à la rupture de la mousse plus élevée que les mousses de WPI. des T1, une voie originale pour la caractérisation des mousses de protéines Nos travaux originaux sur la relaxation des films après une transition de type T1 constituent une preuve de concept. De telles observations, pour des systèmes complexes comme les solutions de protéines, permettent d'ouvrir de nouvelles perspectives de recherche. En effet, parce qu'elles confèrent aux films interfaciaux des propriétés rhéologiques inaccessibles aux surfactants de faible poids moléculaire, les protéines constituent un objet d'intérêt pour sonder l'effet de la rhéologie interfaciale à basses fréquences sur les T1. Il serait intéressant de développer un dispositif générateur de T1, en deux dimensions, avec un meilleur contrôle de la fraction liquide et de l'épaisseur des films.Il a été mis en évidence dans la littérature que les films liquides peuvent se rompre à la suite d'un évènement T1. Des mesures de la fréquence statistique à laquelle le film liquide se rompt après un ou plusieurs réarrangements T1 et de la fraction liquide correspondante du film, permettraient de faire le lien avec la coalescence des mousses de protéines. Cependant, ce système 2D peut être limité à cause des frottements des bords de plateau contre les parois du dispositif et il existe.Ainsi, d'autres 

  . Des compétitions entre les caséines et les protéines de lactosérum peuvent contribuer à la stabilisation des interfaces eau/air et eau/huile. Ainsi, un compromis entre d'une part le taux de foisonnement et d'émulsification et d'autre part la concentration en caséines et protéines de lactosérum, doit être trouvé pour qu'il y ait expression des potentialités de ces dernières à l'interface eau/air. Il serait intéressant d'étudier si le comportement du WPI étuvé à pH 3,5 sur la stabilisation des interfaces eau/huile est efficace.

  

  

  

Table II .1 Typical average values of interfacial properties for proteins and LMW surfactants (Bos and van Vliet, 2001)

 II 

	Interfacial properties	LMW surfactants	Proteins
	Number of molecules	10 -5 mol.m -2	10 -7 mol.m -2
	Adsorbed amount	1-2 mg.m -2	2-3 mg.m -2
	Adsorption	reversible	almost irreversible
	Affinity to an interface	small	high
	Conformational changes upon adsorption	No	yes
	Surface tension decrease on adsorption	30-50 mN.m -1	15-25 mN.m -1

Table II .2 Studies about the effect of dairy protein dry-heated on foaming properties

 II 

	Literature	Spray-dried dairy protein powders	Heating treatment	Powder conditions	Foaming properties (pH 7.0)
	(Radwan et al., 1993)	β-lactoglobulin (β-lg)	80 °C ; 0-10 days	moisture content 7.5%	Foamability and foam stability are increased.
		α-Lactalbumin (α-La)			
	(Schmitt et al. ;2005)	β-lactoglobulin (β-lg)	60°C; 0-14 days	pH 4.2 ; aw 0.79	Dry-heating decreases foam capacity and increases foam expansion
		β-lactoglobulin (β-lg) + acacia			for β-lg without acacia. Dry-heating decreases the foam expansion
					for the β-lg + acacia mixture. Dry-heating do not improve foam
					stability against drainage.
	(Medrano et al., 2009)	β-lg	50 °C ; 51 or 96 h	pH 7.0 ; aw 0.65	Foam stability against drainage is increased in comparison with
		β-lg + sugars (glucose, lactose)			native β-lg, especially upon glycation with lactose.Highest foam
					density is obtained in the following conditions : lactose, 51 h.
	(Hiller and Lorenzen, 2010) Sodium caseinate + sugars	70 °C ; 1-240 h	aw 0.65	The effects of glycation on foam properties are complex, they
		Whey protein isolate + sugars			depend on protein structure (globular, disordered), nature of the
		Milk protein concentrate + sugars			carbohydrate and thermal treatment.
		Sugars: glucose, lactose, pectin,			
		dextran			
	(Corzo-Martínez et al., 2012) β-lg	40 or 50 °C ; 24 or 48 h pH 7.0 ; aw 0.44	Dry-heating decreases foam stability in comparison with native β-
		β-lg + galactose			lg. Extensive heating treatment (48 h ; 50 °C in the presence
					galactose) decreases foam density.
	(Báez et al., 2013)	β -lg	50 °C ; 96 h	pH 6.8; aw 0.65	Glycation did not produce significant modifications in the drainage
		β-lg + glucose			rate and the foamability. However, β-lg dry-heating improves foam
					stability against drainage and the foamability as compared to native
					β-lg.
	(Norwood et al., 2016)	Whey protein isolate (WPI)	4, 20, 40, 60 °C ; up to 12	aw 0.23 or 0.36	6 months at 60 °C (aw 0.36) slightly improves foam stability and
		containing lactose	months		foam density as compared to native WPI.

Table IV .1 ANOVA p-values of the different variables and their significant interactions for PC1 and PC2. For a p-value>0.05 variables and/or interactions were considered as not significant (NS) and were eliminated.

 IV 

		pH	aw	time	lactose pH:aw	pH:time	aw:time	pH:lactose	aw:lactose time:lactose
	PC1	0.0090 0.0022 0.0001 0.0157 NS	0.0001	NS	0.0032	0.0080	NS
	PC2	0.0901 0.0055 <10 -4	NS	<10 -4	<10 -4	0.0001	NS	NS	NS

Table A . ANOVA estimates and p-value of main effects and interactions on PC1 (fractional design) with the samples (L, pH 6.5, aw 0.23, 0 h) as a reference.

 A 

	PC1	(Intercept)	pH3.5	pH5	aw 0.12	aw 0.52	1h	5h	25h	125h	D	pH3.5:1h	pH5:1h	pH3.5:5h	pH5:5h	pH3.5:25h	pH5:25h	pH3.5:125h	pH5:125h	pH3.5:D	pH5:D	aw 0.12:D	aw 0.52:D
	Estimate	0.39	0.45	2.51	-1.81	-0.77	1.90	0.02	-0.52	-1.83	1.10	NA	NA	-0.84	-6.35	1.34	NA	2.64	-3.14	-2.99	-2.73	2.26	2.86
	Std. Error	0.76	0.88	1.07	0.68	0.68	0.80	1.27	1.28	0.78	0.90	NA	NA	1.49	1.86	1.50	NA	1.12	1.24	0.86	1.12	0.95	0.93
	Significativity			*	**		*			*					***			*	*	***	*	*	**
	*Significant effect at p-value < 0.05; **Significant effect at p-value < 0.01; ***Significant effect at p-value < 0.001								

Table B . ANOVA estimates and p-value of main effects and interactions on PC2 (fractional design) with the samples (L, pH 6.5, aw 0.23, 0 h) as a reference.

 B 

Table C . ANOVA estimates and p-value of main effects and interactions on PC1 (complete experimental design at pH 3.5) with the samples (L, aw 0.23, 0 h) as a reference.

 C 

																										52:125h
	Estimate	0.20	1.01	1.07 -0.53	1.67	-1.28 -1.33 4.24 -1.85 1.31	0.75	-3.74	-1.54	NA	NA	-0.12	NA	-6.52	NA	-0.55	-1.09	1.56	1.62	-0.60	2.05	-1.07	2.59	0.76	0.32
	Std. Error	0.50	0.61	1.37 0.68	0.64	0.77 1.22 1.23 0.59 0.76	1.52	0.75	1.60	NA	NA	0.99	NA	1.05	NA	0.62	0.74	1.04	1.03	1.04	1.00	1.00	0.97	0.73	0.72
	Significativity				*	.	*** **	.		***						***							*		**
		(Intercept)	aw 0.12	aw 0.52	1h	5h	25h		125h	D	aw 0.12:1h	aw 0.52:1h	aw 0.12:5h	aw 0.52:5h	aw 0.12:25h	aw 0.52:25h	aw 0.12:125h	aw 0.52:125h	1h:D	5h:D	25h:D	125h:D
	Estimate	0.85		-1.26	1.05	2.35	-3.37	-1.91		-0.44	-3.17	-1.51	-2.43	0.96		-2.23	3.11		1.20	-1.25	2.81		1.91	7.09	3.24	2.44
	Std. Error	0.83		1.06	1.01	1.30	1.29	1.27		1.30	0.86	1.59	1.55		1.59		1.52	1.54		1.49	1.59	1.55		1.28	1.25	1.25	1.28
	Significativity					.	*				***							*				.			***	*	.

*Significant effect at p-value < 0.05; **Significant effect at p-value < 0.01; ***Significant effect at p-value < 0.001

Table V .1 ANOVA p-values of the different parameter main effects and their significant interactions for scores on PC1 and PC2. For a p-value>0.05 variables and/or interactions were considered as not significant (NS) and were eliminated from the models.

 V 

		pH	aw	time	lactose	aw:time
	PC1	<10 -4	0.0067	<10 -4	NS	0.0366
	PC2	NS	NS	NS	<10 -4	NS

Table V .2 Tukey's range test on mean differences between PC1 scores for different conditions. Only the significant differences are shown (p<0.05)

 V 

		differences	p-value
	25 h-0 h	0.42	0.0104
	125 h-0 h	0.96	<10 -4
	125 h-1 h	0.67	0.0001
	125 h-5 h	0.72	<10 -4
	125 h-25 h	0.54	0.0007
	pH 3.5-pH 6.5	-0.44	<10 -4
	pH 3.5-pH 5.0	-0.30	0.0153
	aw 0.52-aw 0.23	0.30	0.0073

Table V .3 ANOVA p-values of the different variables and their significant interactions for PC1 and PC2. For a p-value<0.05 variables and/or interactions were considered as not significant (NS) and were eliminated from the model.

 V 

		time	pH	aw	lactose	time:pH time:aw time:lactose
	PC1	<10 -4	0.0002	<10 -4	<10 -4	0.0304	0.0007 0.0044
	PC2	0.0034	NS	0.0052	NS	0.0186	0.0265 NS
	Tukey's test were performed on PC1 and PC2 (Table V.4 and Table	

Table V .4 Tukey's range test on mean differences between PC1 scores for different conditions. Only the significant differences are shown (p-value<0.05)

 V 

		differences p-value
	pH 6.5-pH 3.5	0.43	0.0007
	25 h-0 h	0.95	<10 -4
	125 h-0 h	2.81	<10 -4
	5 h-1 h	0.64	0.0144
	25 h-1 h	1.31	<10 -4
	125 h-1 h	3.17	<10 -4
	25 h-5 h	0.67	0.0027
	125 h-5 h	2.53	<10 -4
	125 h-25 h	1.86	<10 -4
	aw 0.52-aw 0.12 0.69	<10 -4
	aw 0.52-aw 0.23 0.45	0.0013
	L-D	0.54	<10 -4

Table V .5 Tukey's range test on mean differences between PC2 scores for different conditions. Only the significant differences are shown (p-value<0.05)

 V 

		difference p-value
	25 h-0 h	0.52	0.0030
	125 h-0 h	0.31	0.0493
	aw 0.52-aw 0.23	0.34	0.0048
	1.4. Discussion		
	1.4.1. Structural changes of whey proteins	
	1.4.1.1. Slight structural changes of whey proteins occur during pre-
	conditioning steps		

Table V .6 Spearman correlations between PCs scores for 56-3 conditions. Three of the 56 conditions have been removed from the PCA analysis due to the disappearance of α-la peak, which prevented chromatogram alignment. PCs have been renamed by their main features as regards structural modifications. For a p-value>0.05 in the correlation test, variables and/or interactions were considered as not significant (NS).

 V To quantify the relationship between protein modifications and foam stability, Spearman correlations between the different PCs scores (Table A in supplementary data) have been tested (Table V.6 and Table V.7).

		equilibrium	aggregates hydrophobic	lactosylations
		displacement		molecular species	
		towards the			
		β-lg dimer state			
	global foam stability	NS	NS	NS	NS
	local foam stability	0.28*	NS	0.34*	0.28*

Table A :

 A Samples scores for the different PCA results

	Chapter V Structural consequences of whey protein dry-heated under controlled
	physicochemical conditions and relationships with foam stability		
				foam stability	reversed phase		size exclusion	
									β-lg
	Lactose pH	powder aw heating time	global foam	local foam	hydrophobic molecular	lactosylations	aggregates	equilibrium displacement
				stability	stability	species			towards
									dimers
	L	3.5 0.23	-2.09	-0.87	-0.97	-0.71	-0.22	-0.35
	L	6.5 0.12	0.69	-2.78	-0.46	-0.21	0.69	-0.31
	L	6.5 0.23	2.92	2.69	1.05	0.04	0.47	-0.06
	L	6.5 0.23	-3.03	-2.42	-1.09	-0.73	-1.27	0.32
	L	3.5 0.12	-1.55	-3.25	-0.83	-0.28	-0.42	-0.21
	L	3.5 0.12	-1.12	-2.93	-1.06	-0.30	-0.22	-0.32
	L	3.5 0.12	-1.02	1.26	0.72	-0.03	0.14	-0.13
	L	5	0.12	-4.12	0.21	1.18	-0.04	0.12	-0.01
	L	6.5 0.12	4.64	-0.24	-1.23	-0.05	0.61	-0.35
	L	5	0.23	-5.88	0.26	-0.41	-0.95	-0.22	-0.14
	L	5	0.12	3.61	-1.96	-1.03	-0.17	-0.18	-0.19
	L	6.5 0.12	-1.26	1.24	1.34	-0.05	0.47	-0.04
	L	6.5 0.52	1.41	2.26	2.82	0.14	0.93	0.08
	L	6.5 0.52	3.66	-2.17	-0.40	0.08	-0.10	-0.05
	L	6.5 0.52	3.52	-2.14	-0.55	-0.17	-0.10	-0.12
	L	3.5 0.52	4.34	-1.84	0.18	0.24	0.08	-0.13
	L	5	0.52	3.27	-1.12	-1.02	0.01	-0.42	-0.05
	L	3.5 0.52	-1.68	1.95	-1.01	0.03	-0.24	-0.11
	L	3.5 0.12	1.68	1.10	-1.94	0.70	-0.25	-0.10
	L	3.5 0.12	0.52	1.15	-1.00	0.10	-0.16	-0.15
	L	3.5 0.23	3.94	0.51	-1.93	0.57	-0.34	0.07
	L	3.5 0.23	0.47	-0.67	-1.35	0.03	-0.29	-0.06
	L	3.5 0.23	-1.69	0.93	-0.68	0.13	-0.31	0.03
	L	3.5 0.23	-1.50	-0.12	0.42	0.77	0.14	-0.01
	L	3.5 0.52	0.69	-0.33	-1.27	-0.08	-0.34	-0.04
	L	3.5 0.52	1.55	-0.44	-1.20	0.51	-0.08	-0.12
	D	3.5 0.23	1.90	-1.45	-0.49	-1.09	-0.45	0.14
	D	6.5 0.12	-1.23	-2.91	0.56	0.13	0.06	0.09
	D	6.5 0.23	-0.88	1.08	2.71	-0.15	0.90	0.08
	D	6.5 0.23	-0.56	1.18	0.17	-1.25	-0.24	0.10
	D	3.5 0.12	-0.13	-2.38	-1.22	-0.02	-0.77	0.28
	D	3.5 0.12	2.02	-1.83	-1.00	-0.06	-0.29	-0.08
	D	3.5 0.12	-2.81	-0.19	1.38	0.33	0.02	0.07
	D	5	0.12	-2.21	0.67	2.17	-0.56	0.32	0.05
	D	6.5 0.12	-2.69	2.21	-1.05	-0.01	-0.21	0.11
	D	5	0.23	-2.88	-0.07	-0.17	-0.39	-0.35	-0.03
	D	5	0.12	-0.20	-0.84	-1.37	0.00	-0.23	-0.01
	D	6.5 0.12	-3.12	0.72	2.20	0.27	0.76	0.05
	D	6.5 0.52	-0.42	-3.00	0.75	0.42	0.22	-0.01
	D	6.5 0.52	2.65	-2.39	-0.78	0.15	-0.32	0.13
	D	5	0.52	-3.87	1.89	3.10	-0.01	1.46	0.15
	D	3.5 0.52	0.18	1.75	0.98	0.55	-0.28	0.23
	D	5	0.52	2.29	-2.35	-0.96	0.13	-0.25	0.01
	D	3.5 0.52	4.53	1.63	2.49	0.08	1.14	0.25
	D	3.5 0.52	2.53	0.91	-1.20	0.05	-0.42	0.04
	D	3.5 0.12	-3.30	-1.16	-1.23	0.23	-0.27	-0.01
	D	3.5 0.12	1.75	1.66	-0.45	0.36	-0.30	0.07
	D	3.5 0.23	2.08	-0.37	-1.35	-0.02	-0.23	-0.07
	D	3.5 0.23	-0.88	1.15	-0.95	0.65	-0.26	0.04
	D	3.5 0.23	0.44	1.29	-0.13	0.60	-0.23	0.04
	D	3.5 0.23	2.03	2.37	1.48	0.37	0.20	0.02
	D	3.5 0.52	2.33	1.09	-1.26	0.07	-0.32	0.04
	D	3.5 0.52	-4.37	0.97	-0.30	0.19	-0.34	0.08
									98

Table V .8 Effect of WPI pre-conditioning by mass spectrometry

 V 

	Sample		Average Mass (Da)	Relative Abundance (%)
		β-lg, variant A	18363
		β-lg, variant B	18277
		β-lg, variant A + 1 Lactose residue	18687
		β-lg, variant B + 1 Lactose residue	18601
	untreated WPI		18384
			18303
			18318
		β-lg, variant A -17	18346
		β-lg, variant B -17	18260
		β-lg, variant A	18363
		β-lg, variant B	18277
		β-lg, variant A + 1 Lactose residue	18687
	"L" WPI pH 3.5 aw 0.52 0 h	β-lg, variant B + 1 Lactose residue	18601
		β-lg, variant A -17	18346
			18318
		β-lg, variant B -17	18260
		β-lg, variant A	18363
		β-lg, variant B	18277
		β-lg, variant A + 1 Lactose residue	18687
	"D" WPI pH 3.5 aw 0.52 0 h	β-lg, variant B + 1 Lactose residue	18601
		β-lg, variant B -17	18260
		β-lg, variant A -17	18346
			18318
		β-lg, variant A	18363
		β-lg, variant B	18277
		β-lg, variant A + 1 Lactose residue	18687
	"L" WPI pH 6.5 aw 0.52 0 h	β-lg, variant B + 1 Lactose residue β-lg, variant B -17	18601 18260
		β-lg, variant A -17	18346
		β-lg, variant A + 2 Lactose residue	19011
			18318
		β-lg, variant A	18363
		β-lg, variant B	18277
		β-lg, variant A + 1 Lactose residue	18687
	"D" WPI pH 6.5 aw 0.52 0 h	β-lg, variant B + 1 Lactose residue	18601
		β-lg, variant A -17	18346
			18318
		β-lg, variant B -17	

Table V .9 pH 3.5 β-lg pre-conditioning on mass spectrometry

 V 

	Samples Chapter	Structural changes	Average mass (Da)	Relative abundance (%) compared to β-
				lg variant A
		β-lg variant B -16	18260.411	10
		β-lg variant B	18276.424	
	untreated β-lg	β-lg variant A -16	18346.470	10
		β-lg variant A	18362.504	
		β-lg variant A + 1 lactose residue 18686.592	<5
		β-lg variant B -17	18259.415	20
		β-lg variant B	18276.501	
	β-lg pH 3.5 0 h	β-lg variant A -17	18346.501	10
	aw 0.52	β-lg variant A	18362.519	
		β-lg variant A + 1 lactose residue 18687.597	<5

VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams Résumé Il

  existe différents leviers pour agir sur la stabilité et la rhéologie des mousses : (i) les propriétés interfaciales, (ii) la répulsion entre les deux films interfaciaux et (iii) les propriétés de la phase continue. La littérature fait état de corrélations entre les propriétés interfaciales et les propriétés moussantes. Cependant, la contribution des propriétés interfaciales reste encore à clarifier. En effet, la

Table A ,

 A supplementary data). Interestingly, untreated WPI and β-lg samples (represented by black lines in Fig. VI.8) differ from the processed samples, either dry-heated or not, in the kinetics of the interfacial dilatational modulus. Hence the powder pre-conditioning step prior to dry-heating significantly changes the interfacial properties of the reconstituted solutions described in Fig. VI.2.

Table A

 A in the supplementary data summarises the interfacial properties by values at 250 s and 1600 s, and corresponding standard errors for each sample.

	1.3.2. Dynamics of T1 events

Table VI .1 Relaxation time after a T1 for different protein samples. t90 is defined as the time for the film to reach 90 % of its final length

 VI 

	Samples	t90 (s)		
	untreated β-lg	1.50	±0.21	ab
	β-lg pH 3.5 0 h	2.56	±0.14	cd
	β-lg pH 3.5 125 h	3.87	±0.12	e
	β-lg pH 6.5 0 h	4.56	±0.08	e
	β-lg pH 6.5 125 h	4.45	±0.87	e
	NaCas	2.57	±0.10	d
	untreated WPI	1.23	±0.12	a
	WPI pH 3.5 0 h	2.34	±0.15	bd
	WPI pH 3.5 125 h	1.51	±0.14	ab
	WPI pH 6.5 0 h	1.68	±0.24	abc
	WPI pH 6.5 125 h	1.66	±0.15	

ab Each

value is the average of 3 experiments. A common letter in the last column indicates values that are not significantly different at the p<0.05 level.

  

	1.3.3. Foam rheology and aging

Table VI .3 Spearman's correlation coefficient rs between t90 (the time for the film to reach 90 % of its final length) and interfacial properties for β-lg and WPI samples

 VI 

	(E'/σ)250 s (E'/σ)1600 s	(E''/σ)250 s (E''/σ)1600 s
	t90 (s) 0.90 *** 0.60 ***	0.74 ***	NS
	| rs | close to 1 means a stronger correlation. Significance depends on the p-value: *p<0.05, **p<0.01,
	***p<0.001. For a p-value>0.05 correlation is considered as not significant (NS).

Table VI .4 Spearman correlation coefficient rs between interfacial properties, foam rheology and T1 kinetics depending on the sample composition

 VI 

		WPI samples				β-lg samples			
		(E'/σ)	(E'/σ)	(E''/σ)	(E''/σ)	t90	(E'/σ)	(E'/σ)	(E''/σ)	(E''/σ)	t90
		250 s	1600 s	250 s	1600 s		250 s	1600 s	250 s	1600 s	
	Disproportionation rate	-0.85 *** NS	-0.72 ** NS	NS	0.63 *	NS	NS	NS	0.70 *
	Foam storage modulus G'0 NS	NS	NS	NS	NS	0.91 *** 0.85 *** NS	NS	0.87 ***
	Foam loss modulus G"0	NS	NS	NS	NS	NS	0.85 *** 0.76 ** NS	NS	0.82 ***
	Yield strain	0.55 *	NS	NS	NS	NS	NS	NS	NS	NS	NS
	Yield stress	NS	NS	NS	NS	NS	0.76 **	0.73 ** NS	NS	0.61 *
	| rs |										

close to 1 means a stronger correlation. Significance depends on the p-value: *p<0.05, **p<0.01, ***p<0.001. For a p-value>0.05 correlation is considered as not significant (NS).

  

Table A Interfacial characterics of protein layers

 A ±2.20 g 24.40 ±3.63 ce 63.75 ±2.28 g 21.21 ±1.81 ce 50.30 ±0.13 d 48.18 ±0.15 ef β-lg pH 6.5 125 h 53.28 ±1.01 f 25.77 ±0.85 de 53.71 ±3.93 ef 20.78 ±2.21 ce 50.24 ±0.14 d 48.20 ±0.22 ef NaCas 9.02 ±1.49 a 4.92 ±1.99 a 12.81 ±0.81 a 2.90 ±0.43 a 46.87 ±0.32 a 44.84 ±0.34 a untreated WPI 13.60 ±2.39 a 11.24 ±2.15 b 30.17 ±3.79 b 15.12 ±1.13 b 49.35 ±0.81 bd 45.62 ±0.89 ab WPI pH 3.5 0 h 41.64 ±1.07 d 25.97 ±1.10 de 58.25 ±4.76 fg 25.08 ±2.54 e 51.57 ±0.02 e 49.00 ±0.24 fg WPI pH 3.5 125 h 36.61 ±2.49 cd 22.10 ±0.87 cd 52.76 ±2.02 ef 22.19 ±1.78 ce 49.07 ±0.39 bc 46.53 ±0.17 bc WPI pH 6.5 0 h 37.85 ±2.58 cd 24.21 ±0.84 ce 48.52 ±2.46 de 21.92 ±0.41 ce 50.17 ±0.37 d 47.76 ±0.18 de WPI pH 6.5 125 h 34.23 ±0.86 bc 22.80 ±0.89 cd 39.14 ±2.21 c 18.01 ±1.36 bc 49.91 ±0.32 cd 47.08 ±0.24 cd

	Samples	E'250s (mN/m) E''250s (mN/m) E'1600s (mN/m) E''1600s (mN/m) σ250s (mN/m) σ1600s(mN/m)
	untreated β-lg	30.17 ±1.55 b 19.68 ±1.10 c 40.84 ±1.32 cd 18.60 ±1.72 bc 48.93 ±0.26 bc 47.02 ±0.31 cd
	β-lg pH 3.5 0 h	51.26 ±2.72 ef 24.36 ±0.83 ce 53.60 ±0.89 ef 23.89 ±1.62 de 51.75 ±0.18 e 49.34 ±0.05 g
	β-lg pH 3.5 125 h 47.36 ±0.87 e 27.88 ±1.00 e 43.23 ±2.88 cd 19.03 ±2.57 bcd 48.69 ±0.31 b 46.13 ±0.27 bc
	β-lg pH 6.5 0 h	60.86

Each value is the average of 3 repetitions. Common letters indicate that the sample responses are not significantly different at the p<0.05 level.
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Table B Film thickness during relaxation following a T1 event for different samples

 B 

		Film thickness (in pixels)
	β-lg pH 3.5 0 h	8.52	±0.69	a
	β-lg pH 3.5 125 h	9.48	±0.73	a
	β-lg pH 6.5 0 h	11.95	±2.8	a
	β-lg pH 6.5 125 h	10.01	±1.71	a
	NaCas	17.50	±2.07	b
	SDS	8.99	±0.98	a
	untreated β-lg	10.52	±0.69	a
	untreated WPI	12.98	±0.97	a
	WPI pH 3.5 0 h	9.68	±0.56	a
	WPI pH 3.5 125 h	11.26	±1.61	a
	WPI pH 6.5 0 h	11.55	±2.24	

Table VI .5 Comparison between the foam storage modulus G' obtained in our work with another study from Nicorescu et al. (2011).

 VI 

	Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale
	approach to dairy protein foams	
	Foam formation two-syringe method	whipping method
		(our results)	(Nicorescu et al., 2011)
	Experimental	Rheometer :1 Hz, 1 % strain	Rheometer :1 Hz, 0.5 % strain
	conditions	50 g/L egg-white	125 g/L egg-white
		50 g/L WPI	20 g/L WPI
	Egg-white	G'=318 Pa	G'=3507 Pa
	WPI	G'=229 Pa	G'=340 Pa
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Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability

Résumé

Nous avons mis en évidence dans le précédent chapitre que le pré-conditionnement des poudres, notamment le séjour de deux semaines à température ambiante lors de l'ajustement de l'aw de la poudre, suffit à générer d'importants changements de la stabilité des mousses. Les effets de l'étuvage sur la stabilité des mousses sont complexes, de par les interactions entre les paramètres aw, pH avant déshydratation, teneur en lactose et durée. Cependant, les poudres de WPI pré-conditionnées ou étuvées à pH 3,5 se différencient des autres par leur meilleure stabilité face au drainage des mousses.

Dans ce chapitre, une première partie est dédiée à l'étude des modifications structurales de WPI, après traitement dans les mêmes conditions expérimentales que dans le chapitre précédent, par chromatographie de partage en phase inverse et d'exclusion stérique. Une approche statistique multivariée par analyse des composantes principales (principal component analysis, PCA) suivie d'une analyse de variance (ANOVA), nous a permis d'étudier l'effet des paramètres de préconditionnement et d'étuvage sur les modifications structurales mises en évidence par les chromatogrammes. Comme la stabilité des mousses pour les mêmes échantillons a déjà été présentée, nous discutons également dans ce chapitre des liens structure-fonctions.

Nos résultats suggèrent des changements modérés de la structure des protéines par des lactosylations, un déplacement de l'équilibre monomère-dimère de la β-lg vers une dimérisation, l'apparition de composés plus hydrophobes et des cyclisations de résidus d'acides aminés de l'α-la. L'étuvage conduit à la formation de composés plus hydrophobes et d'agrégats, au détriment des protéines natives. L'augmentation de l'aw, de longs traitements thermiques et le traitement à pH 6,5 favorisent ces modifications. Cependant, le traitement des poudres à pH 3,5 réduit significativement leur apparition.

Nous pensons que certaines étapes du pré-conditionnement des poudres à pH 3,5 induisent des changements de conformation et des lactosylations des protéines qui préviennent l'agrégation. Cette lactosylation à pH 3,5 stabiliserait la forme dimère de la β-lg et réduirait l'exposition de groupements hydrophobes de la protéine.

Les liens entre la structure des protéines et la stabilité des mousses sont complexes si l'ensemble du plan d'expériences est étudié simultanément. Un large éventail de modifications structurales des protéines a été obtenu, et ces dernières dépendent sensiblement des paramètres d'étuvage. Cependant, selon leur structure, leur état d'agrégation, les protéines agissent sur la mousse selon différents mécanismes, éventuellement couplés : elles peuvent modifier les propriétés de l'interface, celles de la Chapter V Structural consequences of whey protein dry-heated under controlled physicochemical conditions and relationships with foam stability 78 phase continue, celles des lamelles liquides via des répulsions électrostatiques... Par exemple, l'interface sélectionne préférentiellement des protéines non-agrégées, mais la présence d'agrégats peut également modifier les propriétés de la phase continue de la mousse, et les propriétés de la mousse intègrent ces différents niveaux. Nous avons cependant mis en évidence que la lactosylation à pH 3,5 est associée à une amélioration significative de la stabilité des mousses.

Dans une seconde partie, des études complémentaires sur le WPI en spectrométrie de masse ont mis en évidence des lactosylations et des cyclisations de résidus d'acide aminés de la β-lg durant les étapes de pré-conditionnement des poudres. Parallèlement, des études du pré-conditionnement de la β-lg purifiée à pH 3,5 ont été également menées. Lors de son pré-conditionnement, la β-lg est majoritairement modifiée par des cyclisations de résidus d'acide aminés, et ses modules interfaciaux en cisaillement sont augmentés. Ainsi, les cyclisations de certains acides aminés de la β-lg, qui se produisent lors du pré-conditionnement du WPI, peuvent donc être également impliquées dans l'amélioration de la stabilité des mousses.

La section 1 suivante est un manuscrit préparé en vue d'une soumission à Journal of Food Engineering.

It is known that the foam storage modulus G' depends on the liquid fraction and the bubble size: 𝐺' ∝ 𝜎 𝑅 𝑔(ɸ) where σ is interfacial tension, R is bubble radius, and 𝑔(ɸ) is a decreasing function of the liquid fraction (Princen, 1983;Saint-Jalmes and Durian, 1999;Marze et al., 2009). Thus, the time evolution of the elastic modulus can be interpreted in terms of foam aging: gravity-driven foam drainage causes a decrease in the liquid fraction (G' increases by drainage) whereas disproportionation (diffusion-driven exchange) promotes an increase in the average bubble radius (G' decreases by disproportionation). Fig. VI.12 shows the variation of G'0/G'(t) in time, which increases because G'(t) decreases. Thus, disproportionation is the main cause of foam aging in these experiments. This is consistent with the fact that in the rheometer cell, the foam height is only of a few millimeters, which actually prevents strong drainage effects. According to Hutzler and Weaire (2000), in the limit of perfectly dry foams, the bubble radius -varies as the square root of time when only disproportionation occurs. In this case, an asymptotic linear relationship is expected between the reciprocal of G' and the square root of time. Despite our foams cannot be considered as being within the dry limit (ɸ =0.17 in our experimental conditions), the modulus G' evolves in a consistent manner with this prediction (Fig.

VI.12). Once the reciprocal normalised G'plotted as a function of the square root of time, the expected asymptotic linear behaviour can be observed (for times long enough so that one can neglect the cut-off at t=0 where G'0/G(t) tends to 1). We therefore attribute the differences in the time-dependence of G' to differences in disproportionation rate. Pre-conditioning β-lg (pH 6.5) seems to increase the disproportionation coefficient, whereas pre-conditioning WPI (pH 3.5) appears to reduce it. Note also that the foam storage modulus G' of pre-conditioned samples exhibits a different behaviour from that of untreated samples, whatever the sample composition (Fig. VI.12). Disproportionation rates α between 500 s and 2000 s (Table VI.2) were calculated for each sample by fitting the data with this equation:

where β and α are adjustable parameters.

Table VI.2 summarises the foam bulk rheology properties for each sample. In addition, the yield stress and the normalised elastic constant G'/(σ/R) were calculated. According to Saint-Jalmes and Durian (1999), this dimensionless ratio depends only on the liquid fraction. Here, since the liquid fraction is fixed at ≈ 0.17 by the two-syringe technique (Marze et al., 2009;Pierre et al., 2013;Gaillard et al., 2017), these ratios should be identical only if the G' is rescaled by the Laplace pressure (σ/R).

However, a discrepancy is observed in particular for untreated β-lg (Table VI.2). WPI samples exhibit significant higher values of yield strain and yield stress than β-lg samples, whatever the processing conditions. The yield stress of pre-conditioned samples is significantly different from that of untreated samples, whatever the sample composition (Table VI.2). Dry-heating and pre-conditioning effects on the yield stress and yield strain depend on protein composition (WPI or β-lg). However, under small Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 124 deformation, whatever the pH, WPI dry-heating significantly increases foam visco-elasticity (G'0, G''0) whereas a slight decrease is observed for β-lg dry-heating. Note also that the WPI samples have lower disproportionation rates than β-lg samples, whatever the processing conditions. Overall, dryheating β-lg and WPI increases disproportionation rates. 

Discussion

We have shown than processing samples modify each scale differently depending on the sample composition (β-lg or WPI). The discussion section is composed of two parts (i) a detailed analysis about the effect of processing depending on the sample condition, and (ii) a study of correlations between the different scales for our samples. The following questions are addressed: What is the role of protein interfacial visco-elasticity on macroscopic foams? Are there clear correlations? Do they match with the literature or protein specificities? What information does the 5-film approach provide for proteins?

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 125 1.4.1. Sample composition and protein processing impact interfacial properties, film dynamics and bulk foam rheology 1.4.1.1. Pre-conditioning of samples accounts for the main source of variability Whatever the sample composition, i.e. a mixture (WPI) or purified protein (β-lg), untreated samples behave distinctly from the processed samples, either through dry-heating or pre-conditioning.

Untreated samples have lower surface visco-elasticity, faster relaxation after a T1, lower yield strain and stress, and lower foam modulus at low deformation (1 %). Surprisingly, dry-heated and preconditioned samples show some similarities, suggesting that pre-conditioning of the samples, though it is not expected to induce major changes in protein structure or physicochemical properties, must be the main cause of the variation in sample properties. This is consistent with other results. For instance, it has been shown that adjusting the pH prior to dehydration, followed by aw pre-conditioning for two weeks at room temperature, significantly affects foaming properties (Audebert et al., 2018).

We also believe that untreated samples contain partially-altered or aggregated proteins, due to powder storage, which modify interfacial and foam properties. Indeed, Norwood et al. (2016) have shown that the storage of WPI powders significantly affects the process of protein aggregation. Thus, in the present work, the precipitation step at pH 4.6, aiming at removing caseins, denatured proteins and aggregates formed upon earlier processing, could contribute prominently in the impact of preconditioning (Fig. V.2). In addition, our processed samples have also been freeze-dried, which is known to affect the structural properties of proteins (Coura [START_REF] Oliveira | Influences of different thermal processings in milk, bovine meat and frog protein structure[END_REF] and may contribute to changes in interfacial and foam properties.

Differential effects according to sample composition

Different behaviours as a function of sample composition independently from the process

As regards the dilatational interfacial rheology, untreated β-lg exhibits interfacial dilatational moduli (E'1600 s ≈ 40 mN/m and E''1600 s ≈ 20 mN/m) which are of the same order of magnitude as in other studies at comparable interface ageing [START_REF] Martin | Network Forming Properties of Various Proteins Adsorbed at the Air/Water Interface in Relation to Foam Stability[END_REF]Ridout et al., 2004;Ulaganathan et al., 2017). However, these measurements were not carried out in the same experimental conditions than in the present work, especially as regards bulk protein concentration, and it is known that protein rearrangements at the interface can substantially change with bulk protein concentration, by up to two orders of magnitude (Graham and Phillips, 1979;[START_REF] Pezennec | The protein net electric charge determines the surface rheological properties of ovalbumin adsorbed at the air-water interface[END_REF].

Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 126 Interestingly, our results show that whatever the processing conditions, β-lg and WPI samples exhibit different properties at all scales. First, we have shown that β-lg has higher dilatational modulus than WPI samples, as observed by Davis et al. (2004). In addition, we also observed that β-lg exhibit slower film relaxation, lower foam yield strain/stress and faster disproportionation than WPI samples.

Thus, studies on purified β-lg, as a model protein, cannot fully explain the interfacial and foam properties of the WPI mixture.

Differences in interfacial properties between β-lg and WPI may be due to the rapid adsorption at the interface of the residual caseins present in WPI, which are known to yield low interfacial dilatational moduli [START_REF] Martin | Network Forming Properties of Various Proteins Adsorbed at the Air/Water Interface in Relation to Foam Stability[END_REF]. Cascão Pereira et al. (2003) have proposed that globular proteins, such as BSA in their work and β-lg in ours, may be viewed as hard spheres, resisting compression and giving high storage modulus, whereas caseins are comparable to soft spheres, yielding low interfacial storage modulus. The presence of α-la, another whey protein in WPI, may also weaken the protein layer at the interface as compared to purified β-lg. Indeed, Davis et al. (2004) showed that α-la has a lower value of E' than β-lg. Moreover, the β-lg network at the interface can promote interfacial elasticity because of β-lg polymerisation through disulphide bonds [START_REF] Dickinson | Time-dependent polymerization of β-lactoglobulin through disulphide bonds at the oil-water interface in emulsions[END_REF]. Thus, the β-lg ratio in protein samples seems to be important for the control of interfacial dilatational rheology.

There is little literature on film relaxation times for protein solutions, and on the rheology of foams made from dairy proteins. In agreement with [START_REF] Lexis | Yield stress and elasticity of aqueous foams from protein and surfactant solutions -The role of continuous phase viscosity and interfacial properties[END_REF], WPI foams have a higher storage modulus G' than NaCas foams. These authors suggested that a network can be formed across the lamellae, which is more likely at high protein concentration, and that this causes high G'.

We found high values of G' for WPI in comparison to β-lg. A stronger protein network across the lamellae for WPI foams could also explain the higher values of G'. α-la, present in WPI, is believed to increase the yield stress and the value of G' by contributing to a more cohesive network inside the protein layers and between them. On the other hand, Davis et al. (2004) proposed that α-la should reduce the yield stress of foams made from WPI, but we did not observed this.

Some investigations on WPI disproportionation by following radius bubble as function of time, report exponent values between of 1/3 and 1/2 (Schmitt et al., 2007), partly in agreement with our results.

We are not aware of any previous disproportionation measurements comparing β-lg and WPI samples treated under the same experimental conditions. [START_REF] Dickinson | Kinetics of Disproportionation of Air Bubbles beneath a Planar Air-Water Interface Stabilized by Food Proteins[END_REF] have shown no significant differences between β-lg, WPI and NaCas as regards the disproportionation rates of single spherical air bubbles. However, foams have close packed bubbles and disproportionation also depends on the bubble shape and number of faces (Rio et al., 2014). Liquid film thickness could explain the faster disproportionation for β-lg samples as compared to WPI (Schmitt et al., 2014). The presence of lactose and α-la in WPI may also increase the thickness of the liquid lamella due to higher steric repulsion
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Finally, WPI samples show lower disproportionation rate and higher yield stress than β-lg samples, probably due to the contribution of other components such as lactose and α-la. The properties of the liquid film, which cannot be predicted by studying a single interface, are probably involved.

Pre-conditioning effects depend on sample composition

We have shown that the pre-conditioning effects significantly depend on the sample composition. Preconditioned WPI samples have a significantly lower disproportionation rate, whereas the opposite was observed for preconditioned β-lg (Fig. VI.12). In addition, two pre-conditioning conditions emerged for each of the samples: pH 3.5 for WPI and pH 6.5 for β-lg, due to their extreme behavior as regards interfacial properties, film dynamics and foam properties. In particular, WPI pre-conditioned at pH 3.5 yields a higher interfacial storage modulus, higher interfacial tension, slower film relaxation, lower yield stress and lower disproportionation rates than the other WPI samples. Similarly, β-lg preconditioned at pH 6.5 has a higher interfacial storage modulus, slower film relaxation, higher foam visco-elasticity (G'0,G''0), and the weakest mechanical resistance (yield strain) than the other β-lg samples Interestingly, whatever the nature of the protein (WPI or β-lg), the pre-conditioning at pH 3.5 increased the interfacial tension (Fig. VI.9), suggesting that it leads to a more compact protein structure at the interface or a lower hydrophobicity [START_REF] Nakai | Structure-function relationships of food proteins: with an emphasis on the importance of protein hydrophobicity[END_REF].

Slight protein structural changes in solution and in the dry-state prior to dry heating may explain the pH pre-conditioning effects. For instance, conformational modifications occur in acidic conditions: a molten globule conformation for α-la and a dimerisation by intermolecular β-sheet for β-lg (Guyomarc'h et al., 2015;[START_REF] Ioannou | Characterising the secondary structure changes occurring in high density systems of BLG dissolved in aqueous pH 3 buffer[END_REF]. In addition, Povey et al. (2009) showed an increase of lysozyme glycation when the pH prior to freeze-drying decrease (pH 6.2, 7.2, or 8.2). Thomsen et al.

(2012) suggested that lactosylation of β-lg may be limited by reducing the pH prior to drying. Thus, protein physico-chemical changes due to pH adjustment could partly account for the variations in sample properties.

Impact of dry-heating on samples properties

We presumed that dry-heating produces aggregates and slight structural changes, which act simultaneously on the foam properties, through the bulk properties and at the interface, respectively.

Aggregates, upon competition with non-aggregated proteins, do not adsorb at the interface (Schmitt et al., 2007).

We have shown that, whatever the sample composition, dry-heating decreases the interfacial storage modulus. As discussed above, the interfacial dilatational elasticity E' mainly depends on the intra-Chapter VI Interfacial properties, film dynamics and foam properties: a multi-scale approach to dairy protein foams 128 protein structural rigidity and the strength of inter-protein links formed during conformational rearrangements, which oppose interface compression and/or expansion. The higher the intra-protein structural rigidity, the higher the interfacial dilatational elasticity E'. Thus, all the technological processes which promote protein unfolding, such as dry-heating at the interface, lead to a decrease in E' (Cascão Pereira et al., 2003). Talansier et al. (2009) have also demonstrated that dry-heating of eggwhite powder induces a decrease in interfacial dilatational visco-elasticity.

WPI dry-heating increases foam storage modulus as observed for heat treatment of WPI in solution (Nicorescu et al., 2011). We showed also higher yield stress for WPI dry-heating. It was not observed for β-lg dry-heating. WPI dry-heated samples are believed to have larger aggregates than β-lg, even after the same heat treatment, due to the Maillard reaction (Guyomarc'h et al., 2015). Thus, larger aggregates for WPI may increase the strength of the protein network across the liquid film.

As regards disproportionation rates, Schmitt et al. (2007); Dombrowski et al. (2016) have shown that aggregates, under specific pH condition and size, may decrease the rate of disproportionation but it was not observed in our study.

Multiscale correlations: interfacial properties, film dynamics and bulk foam rheology 1.4.2.1. Film relaxation time depends on both the interfacial dilatational elasticity and viscosity

It is worth noting that we report here the first relaxation measurements following a T1 event on proteins without added co-surfactant. Durand and Stone (2006) studied proteins solutions, but in the presence of polysaccharides in order to prevent film rupture. They observed longer relaxation times of t90 ≈ 3.7 s, probably because of interaction between polysaccharides interacts and proteins at the interface [START_REF] Sarker | Restoration of protein foam stability through electrostatic propylene glycol alginate-mediated protein-protein interactions[END_REF][START_REF] Baeza | Interactions of polysaccharides with β-lactoglobulin adsorbed films at the air-water interface[END_REF]. Our film relaxation measurements for different proteins in the absence of co-surfactant were made possible by using a high bulk protein concentration, more than ten times greater than in Durand and Stone (2006). As shown in Nous avons mis en évidence que de petites modifications structurales des protéines ont des conséquences majeures sur la rhéologie interfaciale, la dynamique des réarrangements de films, la stabilité et la rhéologie des mousses.

Les effets de l'étuvage des poudres sur les propriétés des mousses sont complexes, car ils dépendent étroitement de la combinaison des effets des paramètres d'étuvage, comme de la propriété de la mousse qui est mesurée. Parallèlement, l'examen de la variabilité des comportements à plusieurs échelles apporte un éclairage original sur la contribution de la rhéologie interfaciale aux propriétés de mousses de protéines. Il met notamment en évidence l'intérêt de prendre en compte la dynamique des mousses.

Title : Stability and rheology of liquid foams from dry-heated whey protein powders Keywords : foam, stability, rheology, interface, whey proteins, powder dry-heating Abstract : The objective of this work is to identify the conditions and mechanisms of the creation or improvement of the stability and rheology of whey proteins foams.

To this aim, we studied the interfacial rheology of protein layers adsorbed at the air/water interface, the liquid films dynamics after a topological rearrangement, the stability and rheology of whey protein foams. Both a mixture of whey proteins and purified β-lactoglobulin, used as a model protein, were studied. To study the relationships with protein structure, proteins were modified by dry-heating of whey protein powders. A wide variety of structural changes was obtained by varying simultaneously multiple dry-heating parameters.

Interestingly, low-extent structural modifications have a dramatic impact on interfacial rheology, liquid film dynamics, foam stability and foam rheology. The effects of dry-heating parameters on the foam properties are complex and depend on their combination and the considered foam feature. Our original multiscale approach (interface, film dynamics and foam) sheds light on the contribution of the interfacial rheology to protein foam properties. In particular, foam dynamics have been shown to play a predominant role.