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The formation mechanism of multilayer emulsions studied by isothermal titration calorimetry and dynamic light scattering. Food

LIST OF ABBREVIATIONS

INTRODUCTION

Over the last decade, many efforts have been devoted to the incorporation of bioactive compounds into food formulations to provide products with additional functional benefits like antibacterial, antioxidant, anticancer, antiallergic, and antiinflammatory molecules. However, certain compounds with great health benefits, such as essential oils (EOs), carotenoids, phytosterols, and vitamins, are lipophilic components that are difficult to introduce in food products or have limited effects when used directly. Indeed, there are several issues, such as low water solubility, chemical instability, and sensitivity to oxidative degradation, that should be overcome for further application of these fat-soluble compounds in food industries. Nowadays, the development of systems based on oil-in-water (O/W) emulsions could address these deficiencies to some extent. On the other hand, with increasing consumer awareness, there has been in recent years a strong interest in replacing synthetic emulsifiers with natural emulsifiers.

Different sources of proteins have been widely studied as natural emulsifiers for food encapsulation systems due to their good amphiphilic, healthy, and nutritional properties, as well as their commercial availability. Particularly, caseins from milk are the most common natural commercial emulsifiers in the food industry, which are generally produced and sold in the form of sodium caseinate (CAS). Protein-based emulsions have been shown to meet current industrial requirements for food emulsion stability, but under certain conditions (acidic pH range, high ionic strengths, and high storage temperatures), their instability still limits their further applications. In this consideration, many researchers have focused on improving the adaptability of emulsions to environmental conditions by using a combination of other emulsifiers rather than a single emulsifier. On the other hand, the addition of polysaccharides to protein emulsifiers could combine the advantages of the two biopolymers, allowing to obtain hybrid protein/polysaccharide interfaces able to surround oil droplets, thereby improving emulsifying performance against environmental stresses.

Proteins adsorbed at O/W interfaces can form interfacial layers which may exhibit viscoelastic or even elastic behavior. The properties of these interfacial layers such as interfacial tension, interfacial elasticity, and viscosity, have been regarded as key parameters to determine the physical stability of emulsions. These characteristics are generally performed using Langmuir troughs or drop tensiometers. In addition, the presence of polysaccharides at different pH values greatly affects the structural properties of proteins, which in turn affects the interfacial and functional properties of protein-coated droplets.

Besides, some EOs contain aldehyde compounds, which have chemically reactive functional groups that interact with protein molecules. These chemical interactions between oil phase components and emulsifiers will further affect the formation and stability of the emulsion-based delivery systems. Therefore, it would be very important to study the interfacial properties and molecular interactions of the oil-water interfaces for obtaining more information about evaluating or predicting the stability of emulsions.

In this thesis, two biopolymers, sodium caseinate (CAS) and low methoxyl pectin (LMP), and two natural antibacterial molecules, citral and trans-cinnamaldehyde (TCA), were used to prepare nanoemulsions. The antibacterial activity and physicochemical properties of these nanoemulsions were systematically investigated under different conditions. In addition, the interfacial properties of the O/W interfaces formed by CAS/LMP, the interactions between the different components in the emulsion system, and the mechanism of forming the multilayer interfaces were also investigated. In detail, food-grade emulsifiers and natural antibacterial molecules were firstly selected according to their antimicrobial activity and their physicochemical properties. The physical stability of the nanoemulsions based on selected materials (CAS and TCA) was then further optimized by adding carrier oil to the oil phase to avoid Ostwald ripening. To improve the stability of emulsions to environmental conditions, emulsions prepared from CAS-LMP complexes at different pH values were studied. Meanwhile, the effects of LMP concentration on the interfacial dilatational rheology of the complexes at O/W interfaces were carried out under different pH values.

Thereafter, for better understanding the molecular mechanisms involved in the formation of the developed encapsulated systems, the interactions between CAS and the two used aldehydes were investigated by interfacial properties and fluorescence quenching measurements. Finally, the mechanism of the formation of multilayered interfaces was studied by both isothermal titration calorimetry and dynamic light scattering.

Organization of the thesis

The purpose of this thesis is to prepare nanoemulsions containing antibacterial molecules by food-grade emulsifiers (sodium caseinate and lecithin), to study the stability of nanoemulsions under certain application conditions, and to investigate the molecular interactions between different components in the emulsion system. In the final chapter, a general discussion, conclusion, and perspectives will be presented. Indeed, the ability of polysaccharides to improve the stability of protein-stabilized emulsions mainly depends on the nature of the polysaccharides (such as charge and structure) and the environmental conditions, especially the solution pH [START_REF] Zang | Addition of anionic polysaccharides to improve the stability of rice bran protein hydrolysate-stabilized emulsions[END_REF]. For example, when the pH is below or above its pI, CAS-coated droplets carry 
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Materials and methods

Materials

The powder of sodium caseinate (CAS) with 93.20% protein content (determined by the Kjeldahl method, N=6.38) was purchased from Fisher Scientific (UK). The powder of low methoxyl pectin (LMP, esterification degree from 22% to 28% and acetylation degree from 20% to 23%) with 81.21% carbohydrate content was obtained from Cargill (Baupte, France). Corn oil, imidazole, acetic acid, sodium azide, sodium hydroxide, and hydrochloric acid were purchased from Sigma-Aldrich Chimie (St Quentin Fallavier, France). The water used in all preparation was deionized water.

Sample preparation

Imidazole-acetate buffer solutions (5 mM) containing 0.04 wt.% sodium azide (to imidazole-acetate buffer at pH 7.0 under stirring, and then stored at room temperature for 24 h prior to analysis.

avoid

Preparation of CAS/LMP mixtures and turbidity measurement

Biopolymer mixtures were diluted with buffer (CAS was kept constant, 0.5 wt.%) and then their pH was adjusted in the range of 7.0 to 3.0 using dropwise addition of 1

M HCl or NaOH. The resulting suspensions for each pH were mixed for 1 min using a vortex mixer. Turbidity measurements were carried out as a function of the CAS/LMP ratio with a UV/Vis spectrophotometer (Jenway 3705, Villepinte, France). The pH of all suspensions was reconfirmed prior to measurement. The absorbance was carried out at 600 nm at room temperature (25 °C) using plastic cuvettes (1 cm path length).

Thereafter, tested cuvettes were filled with the different samples and stored at room temperature for exactly 20 min. Digital photos were taken using a 16-megapixel camera.

Interfacial properties of CAS-LMP complexes

To compare the adsorption process at the oil-water interface, the above-prepared biopolymer mixtures at pH 3.0, 5.0, and 7.0 were selected and then diluted (CAS was kept constant, 0.01 wt.%) with the corresponding pH buffers. Corn oil (density=0.92 ). In this regard, unstable nanoemulsions at pH 5 and pH 3 were selected for sonication for 30 s at a frequency of 50 kHz, an amplitude of 50%, and a duty cycle of 0.5 s (UP400S, Hielscher, Germany). The treated nanoemulsions were then stored for further analysis: particle size and microscopical analysis.

Particle size measurement

Mean particle size (nm) and size distribution were determined by dynamic light scattering using a Ζetasizer Nano-ZS90 (Malvern Instruments, Worcestershire, UK) at fixed angle of 90°. To eliminate multiple scattering effects, nanoemulsions were diluted to a droplet concentration around 0.1 wt.% by corresponding pH buffers. After 90 s of equilibrium, each sample was analyzed three time.

The emulsions were then stirred for 30 min with or without subsequent ultrasound treatment for 30 s at a frequency of 20 kHz, amplitude of 40%, and duty cycle of 0.5 s (Model 500, Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA). Emulsions were then stored at ambient temperature for 24 h before being analyzed.

Zeta potential (ζ) measurement

The ζ potential is measured by determining the direction and velocity of particle movement in the applied electric field. To avoid multiple scattering effects, the nanoemulsions were diluted to a concentration of around 0.05wt.% with corresponding pH buffers. Diluted samples were transferred to the cell of cuvettes for electrophoretic mobility measurement (Malvern Instruments, Worcestershire, UK). All measurements were performed three times and the ζ-potential values were calculated by the software as the average of three individual measurements.

Creaming stability measurement

The creaming index can provide indirect information about the extent of droplet flocculation and aggregation in emulsion systems. Thus, the creaming stability of nanoemulsions as a function of pH was studied. Firstly, 10 mL of each prehomogeneous nanoemulsion were transferred into a cylindrical test tube (inner diameter 1 cm, height 10 cm), tightly sealed with a rubber cap, and then stored at room temperature for further analysis. During storage, nanoemulsions were divided into an optically thin "cream" layer on top and a clear (or turbid) "serum" layer on the bottom due to instability mechanisms and gravity. After 24 hour at room temperature, the total height of the emulsions (HE) and the height of the serum layer (HS) were measured as described by [START_REF] Mwangi | Effects of environmental factors on the physical stability of pickering-emulsions stabilized by chitosan particles[END_REF]. The creaming index (CI) was calculated as follows (Eq. ( 1)):

𝐶𝐼(%) = 𝐻𝑆 𝐻𝐸 * 100% (1) 

Viscosity measurements

The apparent viscosity of nanoemulsions was measured by a dynamic shear rheometer (Anton-Paar MCR 302, Graz, Austria) with a 40 mm parallel stainless-steel plate. The nanoemulsions were transferred to the platform, and the gap between the plate and the platform was adjusted to 1 mm. After equilibrating for 5 minutes at 25 °C, the measurement of interfacial viscosity was carried out by performing in the shear rate ranging from 0.1 to 100 s -1 .

Microscopical analysis

Emulsions were gently agitated in a glass test tube before analysis to ensure that they were homogenous. A drop of emulsion was placed on a microscope slide and then covered with a cover slip. The microstructure of the emulsion was then visualized at room temperature using conventional optical microscopy (DM2000, Wetzlar, Germany).

Statistical analysis

All experiments were carried out at least three times with freshly prepared samples.

Data are reported as means ± standard deviations, and the mean values were compared using Duncan's multiple-range tests to identify significant differences (p < 0.05).

Results and discussion

Turbidity kinetic of the CAS/LMP coacervates

As descripted in our previous study [START_REF] Wang | Low Methoxyl pectin / sodium caseinate complexing behavior studied by isothermal titration calorimetry[END_REF], the net charge of CAS varied from negative at pH 7.0 to positive at pH 3, reaching a point of zero charge around pH 4.6 (isoelectric point, pI), and LMP is a polyanionic polymer for which the number of deprotonated carboxyl groups increases as the pH increased. Thus, the solution pH would play an important role determining the electrostatic attractions which are the main driving force in the formation of complexes between CAS and LMP.

The effect of the ratio on the pH-induced turbidity kinetics of the CAS/LMP complexes was assessed by turbidity measurements (Fig. 1). As expected, in the range of pH 7.0 to 6.0, all sample solutions are absolutely transparent, which can be attributed the fact that both biopolymers are negatively charged hindering their complexation. As the pH was lowered to pH 5.5 or pH 5.0, the turbidity of pure CAS or mixtures containing a small amount (1:0.05, w/w) of LMP increased significantly and both reached a maximum OD600 at pH 5.0. The increase in turbidity values indicated that more size and number of CAS/LMP aggregates formed during acidification followed by dissolution [START_REF] Schmitt | Complex coacervation between β-lactoglobulin and acacia gum in aqueous medium[END_REF]. Meanwhile, clear insoluble aggregates were observed in the pure CAS solution at pH 5.0. This is the fact that the electrostatic repulsion was insufficient to prevent aggregation between casein molecules when the pH is near the pI. Interestingly, a small amount of LMP (≥0.05 wt.%) can inhibit the formation of insoluble aggregates at pH 5.0, and the OD600 value of the mixtures at pH 5.0 decreased with increasing the LMP content. The reason is that there are some attractive interactions between casein molecules and LMPs, which, like soluble interpolymer complexes, are fully stabilized due to their high residual charge. Indeed, CAS has negligible charges near its Ip (pH 4.6) that are theoretically not able to form complexes with polysaccharide chains. However, when pH is near the pI, some casein molecules moieties are still positively charged and they may interact with negatively charged polysaccharides to form soluble complexes that avoid casein aggregation. A similar result was reported for complexation between caseinate and gum tragacanth [START_REF] Gorji | Characterisation of gum tragacanth (Astragalus gossypinus)/sodium caseinate complex coacervation as a function of pH in an aqueous medium[END_REF].

. With continued acidification, the OD600 values of the remaining mixed biopolymers gradually increased and reached a maximum OD600 value, accompanied by the appearance of insoluble complexes. This is because the electrostatic repulsion between the two biopolymers is gradually decreasing and the soluble complexes may come closer and bind to a greater extent, resulting in a larger and tighter cohesive network.

Among them, obvious insoluble complexes were not observed in mixtures containing higher LMP (1:0.5, w/w) until the pH dropped to 3.5. The electrostatic interactions between CAS and LMP with opposite charges were increased by further acidification (pH 5.0 to pH 3.0), which is evidenced by the transition from a transparent state to a cloudy state with perspectives of insoluble complexes, similarly observed at gelatin/pectin and lysosome/pectin [START_REF] Souza | Complex coacervation between lysozyme and pectin: Effect of pH, salt, and biopolymer ratio[END_REF][START_REF] Xiong | Thermodynamic parameters of gelatin-pectin complex coacervation[END_REF]. This result suggests that as the LMP content increases, the corresponding pH value of insoluble complexes present in the CAS/LMP mixtures can be shifted to lower pH values. This phenomenon can be further explored in emulsion-based products for extending its pH application range. Additionally, a large decline of turbidity was observed for each sample after reaching the maximum OD600 values. It is a fact that further acidification will produce more positive charges on the casein molecules and will also lead to an increase in the solubility of the protein, thereby reducing the turbidity of the system.

Dynamic interfacial pressure and Dilatational rheological properties

The interfacial composition and structure of mixed layers at O/W interfaces is commonly involved in the stability of food emulsions, which mainly determined by two mechanistic phenomena-competitive adsorption from mixed solution and cooperative adsorption into multilayers [START_REF] Dickinson | Mixed biopolymers at interfaces: Competitive adsorption and multilayer structures[END_REF]. For example, at 1000 s, the mixtures with high content of LMP showed lower tension than pure CAS (Fig. 2B), and the higher the LMP content in the mixture, the lower value is the interface tension at 1000 s. A commonly used model to describe the properties of protein at the interfaces is divided into four stages:

protein migration to the interface; adsorption; conformational reorganization (unfolding); and finally structural consolidation [START_REF] Dickinson | Mixed biopolymers at interfaces: Competitive adsorption and multilayer structures[END_REF]. The rate of mass transport to the interface is generally determined by protein solubility in the bulk aqueous solution. As we know, the solubility of CAS is very low when the solution pH is near its pI. Therefore, it is hypothesized that the rapid decrease of interfacial pressure at the initial stage with high content of LMP may be attributed to the formation of soluble CAS/LMP complexes at pH 5 (Fig. 2B). The simultaneous adsorption of soluble CAS/LMP complexes and remaining casein molecules at the interface may occur, and these soluble CAS/LMP complexes can reach the interface more rapidly due to their faster diffusion rate, thus resulting in the lower interfacial tension than others during initial adsorption. Moreover, opposite results were observed at pH 3 (Fig. 2C): the interfacial tension of mixtures containing high LMP (ratio>1:0.25) decreased more slowly than pure CAS or mixtures containing lower LMP. This can be explained by the fact that the interactions between the protein and the polysaccharide and the insoluble complexes formed may reduce the availability of the hydrophobic binding sites on the CAS, leading to a lower surface activity at the very beginning stage [START_REF] Liu | Dynamic surface pressure and dilatational viscoelasticity of sodium caseinate/xanthan gum mixtures at the oil-water interface[END_REF].

The dynamic expansion properties of the O/W interfacial adsorption layers formed by CAS or CAS/LMP mixtures at pH 3.0, 5.0 and 7.0 were further determined (Fig. 2 D-F). In all cases, the value of the elastic modulus gradually increased with time due to protein adsorption and the development of intermolecular interactions at the O/W interface [START_REF] Liu | Modulating interfacial dilatational properties by electrostatic sodium caseinate and carboxymethylcellulose interactions[END_REF]. Taking pure CAS as an example, the elastic module at pH 5 and pH 3 (~15 mN/m) were much higher than that at pH 7 (~10 mN/m), indicating the stronger intramolecular protein interactions that took place at pH 5 and pH 3. This is in agreement with the result observed for soybean protein isolate and oxidized bacterial cellulose [START_REF] Zhang | Impact of pH on the interaction between soybean protein isolate and oxidized bacterial cellulose at oil-water interface: Dilatational rheological and emulsifying properties[END_REF]. [START_REF] Dalgleish | The sizes and conformations of the proteins in adsorbed layers of individual caseins on latices and in oil-in-water emulsions[END_REF] demonstrated that the decrease in pH was associated with a significant increase in the coverage of the casein molecule on the oil droplet surface. The tail extension (the part of the lowest local density of hydrophobic residues) of casein molecules at O/W interface is diminished as pH was reduced from 7 to 5.5 [START_REF] Dickinson | Caseins in emulsions: Interfacial properties and interactions[END_REF]. It can be assumed that the approach of hydrophobic residues to the oil-water interface may induce interactions between protein molecules. As expected, the elastic curves of CAS and CAS/LMP at pH 7 showed similar trend because CAS and LMP all carried negative charge. Interestingly, mixtures containing higher LMP contents exhibited higher equilibrium elastic modulus at pH 5 (Fig. 2E), and the modulus value increased with increasing LMP. The results suggested that the addition of LMP could be related to forming densely packed layers with inplane protein-polysaccharides interactions at the O/W interface. Our findings were consistent with the caseinate/high acyl gellan gum (HG) complexes at the O/W interface: the viscoelastic films with higher moduli could be formed in CAS/HG mixed systems at pH 5.5 [START_REF] Liu | Modulating interfacial dilatational properties by electrostatic sodium caseinate and carboxymethylcellulose interactions[END_REF]. However, the mixture containing LMP at pH 3 (Fig. 2F) did not contribute to the construction of interfacial layers, and even slightly inhibit the adsorption of CAS when the mixtures contained a relatively high content of LMP.

This may be due to the formation of insoluble protein-polysaccharide complexes, which then lose their ability to adsorb on the O/W interface to some extent. For all ratios, CAS was kept constant (0.01 wt.%).

CAS or CAS/LMP based nanoemulsions

Zeta potential of nanoemulsions: biopolymer interaction analysis

The zeta potential and particle size of nanoemulsions stabilized by different ratios of CAS/LMP (1:0, 1:0.05, 1:0.1, 1:0.25, and 1:0.5, w/w) under pH reduction (7.0 to 3.0) was evaluated. Typically, the pH value can affect the stability of the emulsion by directly affecting the charge distribution in droplets.

The larger the absolute value of the ζ-potential, the more stable the corresponding emulsion system. As shown in Fig. 3, the ζ-potential of all nanoemulsions was lower than -30 mV at pH 7, which could be considered as stable in these conditions [START_REF] Lieberman | Pharmaceutical dosage forms: Disperse systems[END_REF]. It can be assumed that LMP was probably not adsorbed to the droplet surfaces at pH 7 because of the relatively strong electrostatic repulsion between the negatively charged droplets and negatively charged pectin molecules. With the decrease of pH value, the absolute value of zeta potential of the nanoemulsions gradually decreases until it reaches the "0" point, then becomes positive, and continues to increase. This is the fact that further acidification will generate more positive charges on the casein molecule and further reduce the number of deprotonated carboxyl groups in the LMP [START_REF] Wang | Low Methoxyl pectin / sodium caseinate complexing behavior studied by isothermal titration calorimetry[END_REF]. The net droplet charge of nanoemulsions not containing was close to zero somewhere between pH 4 and 5, which was close to the pI of CAS.

At pH 5.0, the ζ-potential of the CAS-coated droplets was around -8.5 mV in the absence of LMP, which can be attributed to the fact that the pH was slightly above the pI of casein. However, the ζ-potential of the nanoemulsions containing LMP (≥0.1wt.%) at pH 5 became more negative (< -20 mV), which suggested that anionic LMP might adsorb to the surfaces of the anionic CAS-coated droplets. Indeed, there was an electrostatic attraction between anionic carboxylate groups on the pectin molecules and cationic patches on the adsorbed protein molecules at pH 5.0 (Gu et al., 2004; Wang et

al., 2019).

As shown in Fig. 3, with increasing the content of LMP in nanoemulsions, the corresponding isoelectric point (pI) for complete charge neutralization in CAS/LMP based nanoemulsions was shifted to lower pH values. For instance, the ζ-potential of the nanoemulsions containing 0.25 and 0.5 wt.% LMP became neutral until the pH dropped to 3.0. From the potential analysis of the emulsions, this phenomenon can be further explored in emulsion-based products for extending their pH application range. ). For all ratios, CAS was kept constant (1.0 wt%) and LMP was changed from 0 (1:0) to 0.5 wt% (1:0.5). At pH 7, all nanoemulsions showed relatively lower apparent viscosity than pH 5

Viscosity of nanoemulsions

and pH 3 and exhibited relatively weak shear thinning behavior (Fig. 4 A). The viscosity of CAS/LMP emulsions increased gradually with the addition of LMP from 0.05 wt.% to 0.5 wt.%. In fact, pectin is a non-adsorbing linear polysaccharide, and its aqueous solution had an excellent viscoelasticity. As a result, the viscosity increase can be attributed to the fact that free LMP molecules in the aqueous phase could increase the interparticle drag, thereby slowing down the flow of emulsion droplets and increasing the viscosity of the whole system. In addition, higher content of free pectin (≥0.25 wt.%) in the aqueous phase may promote depletion flocculation and these flocs further increased the viscosity of emulsions.

At pH 5, very high apparent shear viscosities (Fig. 4B) were observed in nanoemulsions without LMP or with 0.05 wt.% LMP, and both samples exhibited strong shear thinning behavior. These results suggested that there was a high degree of droplet flocculation at pH 5, which was also supported by the surface charge (Fig. 3):

relatively low surface potential (~ -10 mV) was insufficient to prevent aggregation between droplets and then increase the viscosity of nanoemulsions. Meanwhile, with the increase of LMP in nanoemulsions, the viscosity decreased significantly, especially when LMP was higher than 0.25 wt.%, indicating that the addition of LMP could inhibit the droplet flocculation at pH 5. The reason for this behavior can be attributed to the adsorption of pectin molecules to the droplet surface allowing to an increase of the repulsive forces between droplets, thereby preventing extensive droplet flocculation.

The increased high elastic modulus at O/W interfaces (Fig. 2E) could support this phenomenon.

At pH 3, the lowest viscosity was observed in nanoemulsion not containing LMP, and the viscosity of the nanoemulsions increased as the LMP content increased from 0 to 0.5 wt.%, which was similar to the trend at pH 7. However, all the nanoemulsions at pH 3 showed higher viscosity values than those at pH 7, especially those containing high content of LMP. In fact, in nanoemulsions not containing LMP, flocculation occurs when the pH of the emulsion was adjusted from 7 to 3, as the pI of caseinate must be passed. Very high apparent viscosities and extensive shear thinning at high content of LMP nanoemulsions (≥0.25wt%) can be attributed to charge neutralization and bridging flocculation of the positively charged CAS-stabilized droplets by the negatively charged LMP molecules. Therefore, LMP molecules may have adsorbed to the surface of multiple droplets, causing them to link together, depending on the pectin concentration. The surface potential (Fig. 3) close to "0" for nanoemulsions containing 0.25 and 0.5 wt.% also confirms this phenomenon. Similar studies also reported that anionic polysaccharides cause bridging flocculation of protein emulsions at acidic pH 

Stability of nanoemulsions: particle size, creaming and microstructure

During production, processing and storage, food products are exposed to a variety of environmental factors, especially changes in pH, which can have a significant impact on food. Therefore, it is very necessary to study the micro and macro changes of emulsion stability with pH changes. In this section, dynamic light scattering (DLS) (Fig. 5A), creaming index (Fig. 5B), and optical microscopy (Fig. 6) will be used to evaluate the mean particle size and droplet aggregation of diluted CAS or CAS/LMP-stabilized nanoemulsions under pH reduction (7.0 to 3.0).

At pH 7 or pH 6, nanoemulsions exhibited nanoscale sizes in the range of 250 to 300 nm with monomodal size distribution (Fig. 5A). These results demonstrate that caseinate is an effective emulsifier at mild pH, capable of producing emulsions with the vast majority of droplets having nanoscale diameters. As expected, at pH 7, LMP concentrations has no obvious effect on the average diameter of the nanoemulsions, suggesting no adsorption of LMP on the surface of the oil droplets. For creaming stability (Fig. 5B), the free pectin or low content LMP (≤0.1 wt.%) CAS-stabilized emulsions were stable to creaming after 24 h storage at pH 7 and 6. However, when the concentration of LMP was increased to 0.25 and 0.5 wt.%, the nanoemulsions were highly unstable to phase separation, which may be caused by depletion flocculation at neutral pH. In the microstructural results, particle aggregation at pH 7 was clearly observed at high concentrations of LMP (Fig. 6 A). This also means that the creaming of CAS-based nanoemulsions caused by depletion flocculation is reversible because there is no significant increase in droplet size. A similar result was found in the study of anionic polysaccharides and rice bran protein based emulsions [START_REF] Zang | Addition of anionic polysaccharides to improve the stability of rice bran protein hydrolysate-stabilized emulsions[END_REF]. At pH 5.0, the mean particle size (Fig. 5A) of free LMP emulsion and emulsion containing 0.05 wt.% LMP was outside the measurement range of DLS and these emulsions rapidly separated into an opaque droplet-rich 'cream' layer at the top and a transparent droplet-free 'serum' layer within one hour (Fig. 5B). In fact, the electrostatic repulsions (Fig. 3) between droplets is not sufficient to prevent aggregation when the pH is close to the pI of the adsorbed CAS molecules. As a result, most of the droplets clump together and move upwards rapidly due to gravity. Remarkably, the nanoemulsions containing LMP (≥0.1 wt.%) exhibited stable nanoscale hydrodynamic size (Fig. 5A) and good creaming stability (Fig. 5B) at pH 5. Meanwhile, LMP (≥0.25wt.%) greatly inhibited the amount of droplet aggregation observed in the microstructure of CAS stabilized nanoemulsions (Fig. 6B). This can be probably attributed to the fact that negatively charged LMP molecules can adsorb to positively charged patches of CAS on the droplet surface, thereby increasing the overall negative charge on the droplet, which was also supported by the result of interfacial moduli at pH 5 (Fig. 2E). Meanwhile, the thickness of the interfacial layer could be also strengthened by the adsorption of LMP, thereby increasing the steric repulsion between the droplets [START_REF] Surh | Influence of pH and pectin type on properties and stability of sodium-caseinate stabilized oil-in-water emulsions[END_REF]. Several other studies have also indicated that the mixed use of anionic polysaccharides with proteins can improve the stability of emulsions to aggregation [START_REF] Surh | Influence of pH and pectin type on properties and stability of sodium-caseinate stabilized oil-in-water emulsions[END_REF][START_REF] Zang | Addition of anionic polysaccharides to improve the stability of rice bran protein hydrolysate-stabilized emulsions[END_REF][START_REF] Zhang | Impact of pH on the interaction between soybean protein isolate and oxidized bacterial cellulose at oil-water interface: Dilatational rheological and emulsifying properties[END_REF].

As the pH continued to decrease, only the nanoemulsions containing 0.25 and 0.5 wt.% LMP exhibited nanoscale diameters (~400 nm) at pH 4, indicating that the pH stability of CAS-based emulsions was significantly improved. Taking the nanoemulsion containing 0.5 wt.% LMP as an example, the average particle size increased from 324 to 378 nm when the pH was decreased from 7.0 to 4.0. In fact, when the pH decreases, the repulsive forces gradually turn into attractive forces, and the droplet surface is stabilized by the non-covalent complexes of LMP/CAS, resulting in larger size droplets.

This result was similar to the previous report about casein and chitosan [START_REF] Zhang | Effect of pH, ionic strength, chitosan deacetylation on the stability and rheological properties of O/W emulsions formulated with chitosan/casein complexes[END_REF]. Optical microscopy measurements showed extensive droplet flocculation at pH 3 in all nanoemulsions with or without pectin (Fig. 6C). This can be explained mainly by three reasons: (i) flocs formed when the pH of emulsions was reduced from 7.0 to 3.0 (passing through the pI); (ii) charge neutralization -LMP adsorption reduces the magnitude of the zeta potential, thereby reducing electrostatic repulsions between droplets; (iii) bridging flocculation -a single LMP molecule may have adsorbed to the surface of multiple droplets, causing them to link together [START_REF] Guzey | Formation, stability and properties of multilayer emulsions for application in the food industry[END_REF]. Notably, the CAS/LMP blend (especially when LMP content ≥ 0.25 wt.%) also significantly enhanced the emulsion stability of the nanoemulsions in the acidic pH range (3.0 -5.0). Additionally, the results of creaming and microscopic observation are inconsistent in some cases. For example, clear particle aggregation was observed in the microstructure (Fig. 6C) of nanoemulsion containing 0.5 wt.% LMP, but no obvious phase separation occurred in the macroscopic structure (Fig. 5B). This phenomenon could be explained by two reasons: (i) the formation of a network of strongly aggregated emulsion droplets that were held together by LMP molecules, thereby affecting the viscosity of the continuous phase and inhibiting the upward movement of the aggregates; (ii) the concentration of the nanoemulsion is relatively high, so the boundary between the "cream" layer and the "serum" layer is hardly visible. In conclusion, through the effective use of LMP/CAS complexes, the pH application range of CAS-based emulsions can be broadened.

Effect of ultrasonication on droplet aggregation

As described in previous studies [START_REF] Ding | Effect of interfacial layer number on the storage stability and in vitro digestion of fish oil-loaded multilayer emulsions consisting of gelatin particle and polysaccharides[END_REF][START_REF] Guzey | Formation, stability and properties of multilayer emulsions for application in the food industry[END_REF], bridging flocculation-induced aggregation during the preparation of multilayer systems can be disrupted and redispersed by mechanical forces, such as homogenization, blending or high intensity ultrasound. In this section, the aggregation of droplets formed at pH 5 and pH 3 was evaluated by sonication to test whether the flocs could be redispersed.

Our results showed that high content (≥0.25 wt.%) of LMP promotes depleted flocculation at pH 7.0 (Fig. 6A), but their corresponding size (Fig. 5A) still showed nanoparticle size. This suggested that depleted flocculation is reversible which could be disrupted by gentle stirring or dilution. At pH 5, clear flocs were observed on free LMP nanoemulsions and nanoemulsions containing small amounts of LMP (≤0.1 wt.%); however, these three samples still showed massive aggregation of droplets after sonication (data not shown), and their hydrodynamic size was beyond the range of DLS measurements, which can be attributed to insufficient electrostatic repulsions to avoid agglomeration of CAS when the pH is close to the pI. At pH 3, sonication resulted in a significant reduction in droplet aggregation and a significant reduction in particle size for emulsions with relatively low LMP content (≤ 0.1 wt.%) (Fig. 6D). The mean particle size of the free LMP emulsions or those containing 0.05 and 0.1 wt.% were 681.2, 747.5 and 795.0 nm, respectively. This flocculation probably occurred as the emulsion passed the isoelectric point as the pH was adjusted from 7 to 3. One possible explanation for this phenomenon is that once the flocs are broken down, the relatively strong electrostatic repulsions between casein-stabilized droplets are sufficient to keep them stable. However, at pH 3, sonication was unable to disrupt flocs in emulsions with relatively high LMP pectin content (≥ 0.25 wt.%), probably because pectin promotes bridging between positively charged droplets flocculation. Even if these flocs are redispersed, the net charge of the system remains low. These results indicate that the ability of sonication to effectively reduce the degree of emulsion droplet aggregation is dependent on pH and pectin concentration. 

Conclusion

This study investigated the effect of pH on the dilatational rheological properties of CAS/LMP at O/W interface and colloidal stability of CAS/LMP nanoemulsions. The pH and LMP concentration had limited effects on the equilibrium interfacial tension of CAS/LMP at the O/W interface, but had a significant effect on the adsorption process in the initial stage. Further analysis indicated that the dilatational viscoelasticity modulus at pH 5 was significantly affected by the combination of CAS and LMP.

Meanwhile, higher content of LMP can inhibit the aggregation and creaming of CAScoated emulsions at pH 5, and improve the stability of nanoemulsions at acidic pH conditions. At pH 7, reversible aggregation was observed in nanoemulsions containing LMP (≥0.25 wt.%) while at pH 3, irreversible aggregation was observed in all nanoemulsions. When the LMP was lower than 0.1 wt.%, sonication treatment can disrupt the flocculation to a certain extent and redisperse the nanoscale droplets. This research could support future applications of CAS-stabilized emulsions over a wide pH range.

Many foods are perishable and require food preservatives from preparation to consumption to prevent spoilage and pathogenic bacteria. Due to the increasing safety requirements, efforts have been devoted to designing novel food preservatives with food-grade molecules and biopolymers, which are generally considered safer and more reliable. One of the potential strategies is the encapsulation of essential oils (EOs) with food-grade emulsifiers, especially proteins, to formulate O/W emulsion systems.

Therefore, it will be very important to formulate nanoemulsions with long-term stability and good antibacterial activity by incorporating different natural or food-grade biopolymers. Besides, it is important to investigate the putative interactions between selected biopolymers and antimicrobial components and to identify the interactions that govern emulsion stability.

This thesis aims to develop novel food preservatives formulated from natural compounds and food-grade biopolymers. In the first part, nanoemulsions were successfully prepared by high-speed homogenization and high-pressure homogenization in the different combinations of emulsifiers (CAS or lecithin) and EOs (TCA and citral). Nanoemulsions containing TCA exhibited higher antimicrobial activities against two common Gram-negative (Escherichia coli) and Gram-positive (Listeria innocua) bacteria than that containing citral whatever the used emulsifier.

These nanoemulsions were then incorporated into low methoxyl pectin (LMP) films and the obtained results showed that films containing TCA droplets coated by CAS had a larger inhibition zone than the ones stabilized by lecithin whatever the EO used. These results could be attributed to the combination of several phenomena such as (i) evaporation of free EOs during the formation of biopolymer films, (ii) diffusion of EOs through the interfacial membrane containing the emulsifier, (iii) diffusion of EOs through the pectin matrix, (iv) film structure, and (v) interactions between pectin, emulsifier, EO molecules, and the bacterial membranes. Thus, the antimicrobial activity of nanoemulsions and nanoemulsion-based films was the highest when the combination of TCA and CAS was used. Furthermore, nanosized emulsions prepared by TCA and CAS were more stable than microsized ones in our systems, but no significant differences were observed concerning their antibacterial activity. These results highlight the potential advantages of emulsions as delivery systems of EOs as preservatives, but more factors should be considered in our future studies to evaluate the effect of the type, chemical structure, and physical properties of EOs on their antibacterial activities.

One of the main challenges to overcome when formulating essential oil-loaded emulsions is that the oil phase contains components that are soluble in water, which promotes droplet growth through Ostwald ripening, thereby accelerating emulsification and phase separation. To overcome Ostwald ripening, we compared the ability of two different carrier oils to improve the properties of emulsions containing TCA and stabilized by CAS. The effects of different contents of two different oils (MCT and LCT) on the physical stability and antibacterial activity of nanoemulsions were investigated.

The analyses revealed that stable CAS-coated nanoemulsions are difficult to formulate using pure TCA. However, nanoemulsions containing TCA mixed with a carrier oil could keep stable for a relatively long period (more than one month at room temperature), especially when LCT is used as carrier oil. This stability improvement can be attributed to a reduction of TCA diffusion in the aqueous phase and an inhibition of Ostwald ripening. Antibacterial effect measurement revealed that, compared to nanoemulsions containing pure TCA, the activity of nanoemulsions containing mixtures of TCA and carrier oils exhibited better antibacterial activity against E. coli and L. innocua. The incorporation of carrier oils into nanoemulsion-based systems containing TCA is a promising technique that can extend the shelf life of perishable foods.

After optimizing the preparation, the next step was to further improve the stability of nanoemulsions under certain conditions (high ionic concentration, freeze-thaw cycle, accelerated oxidation). In this regard, the effect of pectin on the physical and oxidation stability of CAS-stabilized nanoemulsions under neutral pH was investigated as a and it appears to have the ability to define when flocculation begins, thereby providing optimal conditions for the preparation of O/W multilayer emulsions. In brief, ITC measurements by titration of the primary emulsion into the coating material allow the acquisition of thermodynamic characteristics of the studied system, which are fast, accurate and informative compared to the information obtained from zeta potential measurements.

In conclusion, encapsulation systems containing EOs as preservatives and based on food-grade emulsifiers (proteins and polysaccharides) were successfully prepared. The physicochemical stability of these emulsions during storage and under certain applied conditions were systematically investigated. Meanwhile, the molecular interactions between the different components in the emulsions were illustrated from the point of view of oil-water interfaces and fluorescence quenching. In summary, these results are expected to provide more information for using natural active biomolecules to manufacture food antibacterial agents with stable multifunctional bioactivity.

Concerning the perspectives of this work, there are some aspects that could be explored in future works:

1) Our results showed the potential advantages of emulsions as delivery systems of EOs as preservatives, but more factors should be considered in future studies to evaluate the effect of the type, chemical structure, and physical properties of EOs on their antibacterial activities.

2) It would be interesting to measure the release kinetics of EOs from emulsions and films and to follow their diffusion in different environments, like food/drug matrices, simulated gastrointestinal tract (GIT) system, or food packaging…

3) The interactions between emulsion droplets and target bacteria, the effective concentration of the encapsulated molecules and the resistance phenomena of the bacteria are also worth studying.

4)

The multilayered nanoemulsions are worth to convert into powders by

Chapter 1 Chapter 4

 14 is a literature review, including two parts. The first part discusses the key factors affecting the performance of sodium caseinate (CAS) stabilized emulsions. Part II summarized the state of the art concerning nanoencapsulation of essential oils (EO) as natural food antimicrobial agents. Chapters 2 to 7 present the main results achieved in this thesis, based on 6 articles that have been published or will be submitted to international journals. In details, Chapter 2 describes the preparation of stable nanoemulsions by using different biopolymers in combination with natural food antimicrobial agents, to attain the target antibacterial activity, Chapter 3 presents the effect of carrier oil on stability of CAS stabilized nanoemulsions containing EO, focuses on the effect of adding low methoxyl pectin (LMP) on lipid oxidation and physical stability of CAS based nanoemulsions at neutral pH, Chapter 5 investigates the effects of pH and LMP concentration on the interfacial dilatational rheology of CAS/LMP complexes at O/W interfaces and the stability of CAS/LMP based nanoemulsions, Chapter 6 studies the interactions between CAS and two used aldehydes (citral and trans-cinnamaldehyde (TCA)) by interfacial properties and fluorescence quenching measurements, and finally, Chapter 7 explores the mechanisms of the formation of multilayer emulsions by isothermal titration calorimetry and dynamic light scattering.

  negative or positive charges[START_REF] Wang | Low Methoxyl pectin / sodium caseinate complexing behavior studied by isothermal titration calorimetry[END_REF] and then they could attract the polysaccharide in the continuous phase, thereby forming a thicker layer at O/W interface. In this context, the addition of guar gum could promote the formation of a network and then improves the creaming stability of CAS-based emulsions at a pH near its pI[START_REF] Neirynck | Influence of pH and biopolymer ratio on sodium caseinate-Guar gum interactions in aqueous solutions and in O/W emulsions[END_REF], Locust bean gum improved the stability of CAS-based emulsions against acidification and freeze thaw[START_REF] Farshchi | Influence of pH value and locust bean gum concentration on the stability of sodium caseinate-stabilized emulsions[END_REF], Sodium alginate improves the stability of CAS-based emulsions to high ionic strength (up to 300 mM of NaCl)[START_REF] Pallandre | Improvement of stability of oil-in-water emulsions containing caseinate-coated droplets by addition of sodium alginate[END_REF]; pH emulsification range of casein could be effectively expanded as the non-covalent chitosan and casein complexes formed by electrostatic attraction between casein and chitosan[START_REF] Zhang | Effect of pH, ionic strength, chitosan deacetylation on the stability and rheological properties of O/W emulsions formulated with chitosan/casein complexes[END_REF].[START_REF] Zang | Addition of anionic polysaccharides to improve the stability of rice bran protein hydrolysate-stabilized emulsions[END_REF] investigated the effect of different anionic polysaccharides on the rice bran protein -stabilized emulsions and they found that the environmental stresses (salt, pH) of emulsions were significantly improved.The interfacial properties of emulsions, such as interfacial tension, interfacial elasticity, and viscosity, have been used as key parameters to determine the physical stability of protein-stabilized emulsions in foods (Ruiz-Álvarez et al., 2022). In fact, environmental conditions such as pH can greatly affect the structural properties of proteins or protein-polysaccharide complexes, which in turn affect the interfacial and functional properties of protein-coated droplets. In this regard, the interfacial properties and molecular interactions of the oil-water interface may be used to evaluate or predict the stability of emulsions. However, the exact relationship between the interfacial properties of CAS/LMP solutions at the oil-water interface and the stability of CAS/LMP based emulsions is still unknown. In the current study, we first focused on the formation of complex coacervates as function of pH (3.0 to 7.0). The effect of CAS/LMP ratio and pH on the OD600 was investigated, then a combination of dynamic interfacial tension and dilatational rheological tests were performed to determine the oil-water interfacial interactions between CAS and LMP at 3 different pH values (3.0, 5.0 and 7.0). Finally, CAS and LMP were used to prepare nanoemulsions at pH 7.0 and then their pH was adjusted from 7.0 to 3.0. The effects of LMP concentration and pH on particle size distribution, zeta potential (ζ-potential), creaming behavior, and microstructure of CAS-based nanoemulsions were compared and the correlation between the pH-dependent interfacial behavior and the macroscopic emulsion properties was discussed.

  microbial growth, (Chang et al., 2016)) was prepared by dispersing weighed amounts of imidazole and acetic acid into deionized water. Biopolymer stock solutions were prepared by slow dispersing separately 2.0 wt.% CAS and 2.0 wt.% of LMP into 5 mM imidazole-acetate buffer (pH 7.0) and stirring overnight to ensure complete hydration. The pH of the two stock solutions was then adjusted to 7.0 by adding HCl (1 M) or NaOH (1 M). Biopolymer mixtures containing different CAS/LMP ratios (1:0, 1:0.05, 1:0.1, 1:0.25, 1:0.5, w/w) were prepared by mixing the stock solutions with

g/cm 3 )

 3 was used as oil phase which filled slowly with 250 μL SGE syringe (TRAJAN, Melbourne, Australia). The O/W interfacial properties were measured by a Tracker automatic droplet tensiometer equipped with an oscillating drop accessor (Civrieux d'Azergue, France) at room temperature. Before measurement, syringes and cuvettes should be carefully cleaned and rinsed several times with deionized water to avoid the presence of other surfactants. The surface tension of the last wash deionized water was in the range of 69 and 72 mN/m, determined by a pendant droplet type, indicating the used syringe cleaning.According to the density of the oil phase, the rising drop method was selected. An initial droplet with a volume of 10 μL was generated at the vertical needle. A connected digital camera records droplet profiles every 0.02 s. The interfacial tension value was calculated from the Laplace equation[START_REF] Castellani | Hydrocolloids with emulsifying capacity. Part 2-Adsorption properties at the nhexadecane-Water interface[END_REF]. Interfacial tension was studied over a period for at least 3 hours to achieve the adsorption at the oil-water interface. The dynamic dilatational rheological properties were carried out by performing a sinusoidal interfacial compression and expansion (five cycles), operated at10% amplitude and frequency of 0.1 Hz, which was tested to be within the linear viscoelastic regime. The elastic dilatational modulus were calculated by the first harmonic of the Fourier transform of the oscillating interfacial tension signal[START_REF] Bagley | A theoretical basis for the application of fractional calculus to viscoelasticity[END_REF]).2.5. Stability of CAS or CAS/LMP based nanoemulsions 2.5.1. Preparation of O/W nanoemulsionsBiopolymer mixtures containing different CAS/LMP ratios (1:0, 1:0.05, 1:0.1, 1:0.25, 1:0.5, w/w) at pH 7.0, respectively, were used as continuous phases. Oil-inwater coarse emulsions were formulated by mixing 10 wt.% corn oil and 90 wt.% emulsifier aqueous solution by high-speed homogenization (IKA, Staufen, Germany) under 13,500 rpm for 5 minutes. The resultant pre-emulsions (10 wt.% corn oil, 1 wt.% protein and 0~0.5 wt.% LMP) were further passed through a microfluidizer (Microfluidics LM20, Microfluidics Corp., Newton, MA, USA) 5 times at 5 × 10 7 Pa to obtain nano-sized emulsions. The pH of the nanoemulsions was then slowly adjusted to 7.0, 6.0, 5.0, 4.0, 3.0, separately, using a HCl solution (0.1 M). All nanoemulsions were then stirred for 30 min and stored in 100 mL sealed glass bottles at room temperature in the dark for 24 h prior to analysis. Meanwhile, clear flocs and phase separation can be observed in several nanoemulsions when their pH was adjusted to 5 and 3. Previous research has shown that these flocs can be redispersed by mechanical disruption[START_REF] Ding | Effect of interfacial layer number on the storage stability and in vitro digestion of fish oil-loaded multilayer emulsions consisting of gelatin particle and polysaccharides[END_REF][START_REF] Guzey | Formation, stability and properties of multilayer emulsions for application in the food industry[END_REF]

Fig. 1 .

 1 Fig. 1. OD600 values and photographs of CAS or CAS/LMP suspensions at different pHs (3.0-7.0) and different CAS/LMP ratios (0 ~0.5, w/w). For all ratios, CAS was kept constant (0.5 wt.%) and LMP was changed from 0 (1:0) to 0.25 wt.% (1:0.5).

  The transient interfacial tension during the protein adsorption phase (t = 10 800 s) of the O/W interface for CAS or CAS/LMP complexes at different pH values was shown in Fig.2 A-C. During the formation of the O/W layer, the hydrophobic groups in the continuous phase emulsifier gradually adsorbed to the surface of the oil droplets, and then rearrange to become the interfacial layer. In all cases, the values of interfacial tension decreased with time. Surprisingly, it was shown that LMP concentrations have no obvious effects on the equilibrium interfacial tension in these three pH values.Equilibrium interfacial tensions were very close for the 5 ratios of LMP in each pH, with equilibrium values of approximately 14.0, 14.0 and 15.5 mN/m for pH 7.0, 5.0 and 3.0, respectively. This indicated that at these three tested pH values, the equilibrium O/W interfacial tension is dominated by casein rather than by LMP. Similar results were found in the study of sodium caseinate/xanthan gum[START_REF] Liu | Sodium caseinate/xanthan gum interactions in aqueous solution: Effect on protein adsorption at the oil-water interface[END_REF] and sodium caseinate/high acyl gellan gum complexes in the pH range of 4.0 to 7.0[START_REF] Farooq | Interfacial rheology of sodium caseinate/high acyl gellan gum complexes: Stabilizing oil-in-water emulsions[END_REF]. The reason for this is probably due to the flexible structure of casein proteins and its excellent emulsifying ability[START_REF] Dickinson | Caseins in emulsions: Interfacial properties and interactions[END_REF]. It should be noted that CAS and several CAS/LMP complexes are not very soluble at pH 3.0-5.0 (Fig.1), but they can still effectively reduce interfacial tension by the small amount of soluble protein or soluble CAS/LMP complexes or insoluble proteins that did not sediment yet in the time frame of the experiment. This result was similar to the results of soy/whey protein isolate complexes at the oil-water interface[START_REF] Zhang | Emulsion stability and dilatational rheological properties of soy/whey protein isolate complexes at the oil-water interface: Influence of pH[END_REF]. Their results indicated that the effect of pH values on protein-based equilibrium O/W interfacial tension in limited (21.0-22.5 mN/m) in the pH range of 2.0 to 11.0, although that pH approaches their isoelectric point. Lam and Nickerson (2014) reported the interfacial tension of β-lactoglobulin at pH 3.0 (~ 17.8 mN/m) and at pH 5.0 (~ 18.6 mN/m), even that β-lactoglobulin showed a very low solubility at pH 5. On the contrary, C. Chang et al. (2015) investigated the adsorption kinetics of four different proteins (pea, soy, lentil and canola protein isolates). They found that, at pH 7.0, proteins were more effective in reducing the interfacial tension than at pH 5.0 and pH 3.0 regardless of their differences in physicochemical properties, which was attributed to the hydrophobicity that was generally lower and surface charge that was relatively high at pH 7.0. Tian et al. (2021) reported that 7S pea protein at pH 3 and 8 can quickly adsorb onto the interfaces and form interfacial layers with higher interfacial pressure than that at pH 5. Ducel et al. (2005) found that the interfacial adsorption processes of pea globulin/gum Arabic complexes at the oil-water interface appear to strongly depend on the changes of pH and gum Arabic concentration. On the other hand, CAS or CAS/LMP complexes showed relatively lower initial interfacial tension (~20 mN/m) value at pH 7.0 than that at pH 5.0 (~25 mN/m) and pH 3.0 (~27 mN/m) although all samples have overall similar equilibrated interfacial tension values. This phenomenon suggested that the biopolymers in solution at pH 7 have rapid initial adsorption at the interface, indicating the 0.01wt.% CAS or CAS/LMP mixtures at pH 7.0 should contain free proteins. In fact, both CAS and LMP show negative charges at pH 7.0, so the presence of LMP does not affect the adsorption of CAS at the O/W interface. As a result, CAS can rapidly reach the interface during initial adsorption. A similar result was observed in the study of pea protein and steviol glycosides at O/W interface (Yang et al., 2022). Another interesting result was observed: at pH 5 and pH 3, CAS and CAS/LMP exhibited obvious different absorption curves at the initial period (0 ~ 2000 s).

Fig. 2 .

 2 Fig. 2. (A-C) Interfacial tension over adsorption (10 800 s) at O/W interface for CAS or CAS/LMP at different pH values; (D-F) Surface dilatational elasticity over adsorption (10 800 s) at O/W interface for CAS or CAS/LMP at different pH values.For all ratios, CAS was kept constant (0.01 wt.%).

Fig. 3 .

 3 Fig. 3. ζ-potential of CAS or CAS/LMP based nanoemulsions at different pHs (3.0-7.0). For all ratios, CAS was kept constant (1.0 wt%) and LMP was changed from 0(1:0) to 0.5 wt% (1:0.5).

Fig. 4

 4 Fig. 4 presented the apparent viscosity of nanoemulsions at three pH values and 5 CAS/LMP ratios as a function of shear rate (0.1≤γ ≤ 100 s -1 ) at room temperature. As the shear rate increases, the viscosity of nanoemulsions tends to decrease, which means that these nanoemulsions are pseudoplastic fluids (He et al., 2020).

(

  [START_REF] Ding | Effect of interfacial layer number on the storage stability and in vitro digestion of fish oil-loaded multilayer emulsions consisting of gelatin particle and polysaccharides[END_REF][START_REF] Griffin | Influence of electrostatic interactions on the formation and stability of multilayer fish oil-in-water emulsions stabilized by whey protein-xanthan-locust bean complexes[END_REF].

Fig. 4 .

 4 Fig. 4. Viscosity of CAS or CAS/LMP based nanoemulsions at (A) pH 7.0, (B) pH 5.0 and (C) pH 3.0. For all ratios, CAS was kept constant (1.0 wt%) and LMP was changed from 0 (1:0) to 0.5 wt% (1:0.5).

Fig. 5 .

 5 Fig. 5. (A) Mean particle size, (B) creaming index and photographs of CAS or CAS/LMP based nanoemulsions at different pHs (3.0-7.0). For all ratios, CAS was kept constant (1.0 wt%) and LMP was changed from 0 (1:0) to 0.5 wt% (1:0.5).

Fig. 6 .

 6 Fig. 6. Photomicrographs of CAS or CAS/LMP based nanoemulsions at (A) pH 7, (B) pH 5 and (C) pH 3. (D) Photomicrographs of CAS or CAS/LMP based nanoemulsions at pH 3 after ultrasonication. For all ratios, CAS was kept constant (1.0 wt%) and LMP was changed from 0 (1:0) to 0.5 wt% (1:0.5).
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	Summary of literature review II
	Sodium caseinate (CAS) provides comparable emulsifying properties that allow it
	to meet current consumer demands for the stabilization of food emulsions, but As consumer awareness increases, there is a growing concern of the potential
	instability on some specific conditions limits their application. Therefore, there is an carcinogenic and mutagenic risks associated with chemical preservatives. "Fresher,"
	urgent need to better understand the effects of different environmental and processing "more natural," and "minimally processed" food is being demanded. Essential oils
	(EOs) possess strong antimicrobial activity that could play a remarkable role as a novel conditions on emulsion stability, and how to improve the stability of CAS-formed food source of food preservative. Despite the excellent efficacy of EOs as antimicrobials, emulsions. The objective of this literature review was to introduce the general factors affecting the stability of sodium caseinate (CAS) -stabilized O/W emulsions, such as their use is limited due to some major inherent barriers, such as low water solubility,

Understanding of the key factors influencing the properties of emulsions stabilized by sodium caseinate

Published in:

environmental stress and process conditions, and the relative importance of the various instability mechanisms of CAS-based emulsions as well as their relationships. The commonly used methods for detecting emulsion stability are also introduced. In addition, the state-of-the-art strategies to combine CAS and polysaccharides via complexation or conjugation methods to improve emulsion stability are presented and summarized. This part is expected to provide theoretical basis for the application of CAS in food emulsification in the future. In summary, this review is expected to provide a template for researchers to understand the fundamental properties of CAS-stabilized emulsions and study their stabilization methods. bioavailability, volatility, and stability in food systems. Nanoencapsulation has been shown to be an effective mean of addressing these issues. In addition, nanoemulsions have been reported to have better bioavailability than conventional emulsions to encapsulate bioactive ingredients due to their nano-size (20-500 nm) and high specific surface area. In this review, we explore recent advances concerning the natural active molecules as antibacterial agents and the different strategies for the nanoencapsulation of these natural antibacterial agents, especially EOs. On this basis, the advantages and limitations of nano-encapsulation technology and "traditional" packaging technology are compared and discussed. The state-of-the-art antibacterial properties of EOs were summarized. Finally, the latest applications of nano-encapsulated antibacterial agents in food systems were introduced in detail.

Summary of Chapter III

  

	1. Introduction effectively adsorb by reducing the oil-water interfacial tension and forming a thicker
	Over the past few years, many efforts have been devoted to incorporating bioactive interfacial film during the emulsification process (Dalgleish et al., 1995; Singh & Sarkar,
	compounds into food formulations to provide products with additional health benefits 2011). It was reported that CAS-based emulsions could meet current industrial It is known that combining poor water-solubility carrier oils with hydrophobic such as antioxidant, anti-cancer, anti-allergic, anti-inflammatory (Chung & requirements for food emulsion stability, but under certain conditions, their instability bioactive phases could be able to enhance the physical stability of nanoemulsions by McClements, 2014). However, certain bioactive compounds with great health benefits, still limits their further applications (Liang & Luo, 2020). For example, CAS stabilized inhibiting Ostwald ripening. In this study, the impact of different contents of medium-such as carotenoids, phytosterols, vitamins, and essential oils, are lipophilic emulsions are generally not stable in certain environmental conditions, such as a pH chain triglycerides (MCT) and long-chain triglycerides (LCT) mixed with trans-components that are difficult to introduce in food products or have limited effect when value close to its isoelectric point (pI) (Dickinson & Golding, 1997), high ionic cinnamaldehyde (TCA), as the active oily phase, on the sodium caseinate (CAS)-used directly (Teng et al., 2020). In fact, there are several issues, such as low water strengths (Srinivasan et al., 2000), and high storage temperatures (Karthik & stabilized nanoemulsion was investigated. The physical properties of these solubility, chemically unstable, and prone to oxidative degradation, should be overcome Anandharamakrishnan, 2016). In this consideration, many researchers have focused on nanoemulsions under different pHs, salt concentrations, and temperatures as well as for further applying these fat-soluble active compounds in food industries (Liao et al., improving the adaptability of emulsions to environmental conditions by using a their antibacterial activity were determined. Results showed that long-term stable CAS-2021). Currently, the development of systems based on oil-in-water (O/W) emulsions combination of emulsifiers rather than a single emulsifier. For instance, proteins and based nanoemulsions cannot be developed by pure TCA, but they can be obtained by is able to address these deficiencies of lipophilic compounds. Meanwhile, for safety other oppositely charged biopolymers like polysaccharides have been successfully used mixing TCA with MCT or LCT. The improved stability of these nanoemulsions can be attributed to a reduction of TCA solubility due to the addition of carrier oil, thereby reasons, the encapsulated wall material for food emulsions needs to be carefully to prepare nanoemulsions with enhanced stability (Surh et al., 2006; Zhang et al., 2020).
	inhibiting Oswald ripening. In addition, carrier oils were shown to enhance the selected, usually edible, and inexpensive (Teng et al., 2020). Consequently, there has
	physical stability under common pH values, salt concentrations, and thermal been a great interest in replacing synthetic emulsifiers with natural emulsifiers in recent
	processing. On the other hand, there was no obvious differences between the effects of years due to their wider consumer acceptance of food products.
	the two carrier oils used in this study on the physical stability of nanoemulsions. Proteins and polysaccharides, as natural biopolymers with macromolecular
	Antibacterial testing revealed that nanoemulsions containing carrier oils exhibited structure, have been widely used in the food industry because of their great effect on
	better antibacterial activity than pure TCA. These results are useful for expanding the the structure, texture, and stability of food. Particularly, different sources of proteins
	application of TCA as food preservative in the food industry. such as walnut protein (Cai et al., 2018), legume protein (Gumus et al., 2017), whey
	protein (Berton-Carabin et al., 2016; Khalloufi et al., 2008), soy protein (Hu et al., 2003;
	Li et al., 2020), casein protein (F. Zhang, Cai, et al., 2021), etc., have been well studied
	as natural emulsifiers for encapsulation systems due to their healthy and nutritional
	properties, their availability, good amphiphilic properties, and low production cost.
	Among them, casein from milk is the most common natural commercial emulsifier in
	the food industry, and is generally produced and sold in the form of sodium caseinate
	(CAS) in food industries (Wang et al., 2013). The casein molecule in solution adopts a
	flexible disordered configuration with almost no ordered secondary structure. It can
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Nanoencapsulation of Essential Oils as Natural Food Antimicrobial
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II

Effect of emulsifier and droplet size on the antibacterial properties of emulsions and emulsion-based films containing essential oil compounds

Published in: Journal of Food Processing and Preservation

Summary of Chapter II

In this study, sodium caseinate (CAS) and lecithin were selected as emulsifiers, and TC and citral were selected as core materials to form different O/W emulsion systems.

The physical properties and antibacterial effects against Escherichia coli and Listeria innocua of these nanoemulsions were investigated. In addition, the effect of droplet size on the stability and antibacterial activity of nano-size and micro-size emulsions based on CAS and TC was studied. The results showed that the four different nanoemulsions had nanometric sizes with relatively high negative zeta potential. Nanoemulsions containing TC exhibited higher antimicrobial activities against the two bacteria than nanoemulsions containing citral whatever the emulsifier used. These nanoemulsions were then incorporated into low methoxyl pectin (LMP) films and the obtained results showed that films containing TC droplets stabilized by CAS had a larger inhibition zone than that stabilized by lecithin whatever the EO used. Finally, the obtained results showed that nanosized emulsions were more stable than microsized ones, but no significant differences were observed concerning their antibacterial activity. These results could provide new ways for the use of natural active biomolecules for manufacturing food emulsions or food packaging with functional abilities.

Chapter IV

Effect of pectin on the properties of nanoemulsions stabilized by sodium caseinate at neutral pH

Published in: International Journal of Biological Macromolecules

Summary of Chapter IV

Unlike proteins can be adsorbed at the oil-water interfaces, most polysaccharides such as pectin, xanthan gum, alginate, Arabic gum, etc. have little inherent surface activity because of their relatively high hydrophilicity. The purpose of the present article was to study if anionic polysaccharides (LMP) could be used to improve physical and chemical stability of protein-based nanoemulsions at neutral pH. Our previous studies conducted by using isothermal titration calorimetry have indicated that no significant interactions were found at pH 7.0 between CAS and LMP. The effect of different concentrations of LMP on lipid oxidation and physical stability of CAS stabilized nanoemulsions under neutral pH was investigated. Results indicated that the addition of LMP at low concentration had no effect on the average size of nanoemulsions, but a slight size increase and phase separation were observed at higher concentrations of pectin. In addition, the presence of pectin could improve the physical (especially against high salt concentrations and freeze-thaw cycles) and chemical stability (inhibition of lipid and protein oxidation) of caseinate-stabilized nanoemulsions, depending on its concentration. This research could be interesting for the formulation of beverage emulsions with improved physical and chemical properties at neutral pH. Meanwhile, fluorescence quenching was used to explore the binding properties among selected aldehydes and CAS under different temperatures and different concentrations of aldehydes. Small amounts of TCA or citral in the oil phase were shown to decrease the oil/water interfacial tension. In addition, the fluorescence quenching test showed that TCA has a more obvious quenching effect on CAS than citral. Further kinetic analysis suggests that TCA has strong affinity for CAS and this bonding process is spontaneous. In summary, these natural aldehydes, could be useful ingredients to improve the functionalities of food protein-based products.

Chapter VII

The formation mechanism of multilayer emulsions studied by isothermal titration calorimetry and dynamic light scattering
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Summary of Chapter VII

Under certain conditions, emulsions containing oil droplets surrounded by multilayer interfaces are known to be resistant to environmental stresses than conventional oil-in-water emulsions. So far, few thermodynamic analyses have been performed on the preparation process of multi-layer emulsions. Thus, this study tries to

demonstrate the basic mechanism for the preparation of multilayer emulsions by titrating primary emulsions into coating materials based on the results of isothermal titration calorimetry (ITC) and dynamic light scattering (DLS). In the first part, the thermodynamic parameters and surface charge obtained during the formation (titration and back-titration) of the multilayer emulsions were evaluated to understand the stabilization mechanism during the preparation process. Moreover, the multilayer emulsions prepared by titration and direct mixing methods were compared in terms of particle size distribution. Results indicated that stable multilayer emulsions could be formulated by titrating the primary emulsion into LMP instead of back-titrating. ITC titration confirmed that LMP does bind CAS-coated droplets through the electrostatic forces and it was a spontaneous exothermic process (ΔG < 0, ΔH < 0). DLS results indicated that slow titration can effectively avoid droplet aggregation. In conclusion,

this study may help to obtain optimal coating conditions for the preparation of multilayer emulsions.

GENERAL DISCUSSION,

CONCLUSION AND PERSPECTIVES

function of several parameters and conditions. It emerges that the presence of LMP could improve the physical (especially against high salt concentrations and freeze-thaw cycles) and chemical stability of CAS-stabilized nanoemulsions, depending on its concentration. Particularly, nanoemulsions containing 0.10 wt% and 0.25 wt% are considered as the optimal formulation which exhibited the ability to inhibit lipid and protein oxidation more effectively than CAS alone. There are at least two possible mechanisms to explain the antioxidant properties of pectin in nanoemulsions: (i) the non-adsorbed pectin could have the ability to scavenge free radical and chelate metals; and (ii) the non-adsorbed pectin can reduce droplet mobility by forming a weak gellike network that prevents water-soluble pro-oxidants reaching the lipids. In addition, a higher concentration of pectin (0.5 wt%) can promote the occurrence of depletion flocculation of nanoemulsions, resulting in phase separation, more secondary lipid oxidation products, and more tryptophan loss.

Environmental conditions, especially pH, have been reported to greatly affect the structural properties of proteins or protein-polysaccharide-based emulsion systems. To suggested that TCA has a strong affinity with CAS. The negative enthalpy and negative entropy change suggested that the binding is mainly driven by formation of hydrogen bonds, which is spontaneous. Entropy was unfavorable suggesting that there is a loss of conformational freedom associated with binding.

In the final step of this thesis, we tried to explain the mechanism of the formation of multilayer emulsions by titrating primary emulsions into coating materials by isothermal titration calorimetry (ITC) and dynamic light scattering (DLS). Stable multilayered interfaces could be formed by titrating primary emulsion (CAS-based droplets) into LMP solution, rather than the titration in the opposite direction. ITC titration confirmed that LMP does bind CAS-coated droplets through electrostatic forces and it was a spontaneous exothermic process (ΔG < 0, ΔH < 0). In addition, more uniform and smaller-sized droplets could be obtained by titrating the primary emulsion into LMP solution rather than mixing them directly, which can be attributed to the fact that slow addition can effectively avoid the aggregation of droplets. Compared to DLS, ITC measurements allowed to obtain thermodynamic properties of the studied systems evaporating water by spray-drying or freeze-drying. The resulting powders can be characterized in terms of activity, density, flow, size, stability, and redispersion properties for further applications.