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Lim proposed the first polymeric hydrogel for biomedical use in 1960 1 . Lim later showed a successful islet cell culture in the hydrogel matrix, and the application value of this material was highlighted 2 . From then on, people began to focus extensively on these materials and more and more application values were demonstrated in the last decades for biomedical applications such as drug delivery, cell culture, and tissue regeneration [3][4][5] . Hydrogels continue to be a very interesting topic for fundamental research and for some specific applications.

The polymer networks constituting the matrix of hydrogels are intrinsically porous, however, the length scale of intrinsic porosity can be a limiting parameter for cell encapsulation applications because they can influence cell-cell interactions, cell-environment communications and also molecules diffusion. Therefore, additional porosity at a larger length scale (macroporosity) is crucial.

In the literature, people have put forward different methods to generate macroporosity in hydrogels, for example, particle leaching, phase separation, cryotemplating, 3D printing, etc. Among these strategies, generating porosity by phase separation is a promising and convenient way to create porosity in hydrogels. Several examples can be found in the literature where porous hydrogel were generated using oil-in-water (O/W) emulsions [6][7][8] . However, the necessity to add surfactants to stabilize O/W emulsions, and to extract the oil phase may influence the viability of cell encapsulation and cause problems for applications. Phase separation is a phenomenon that occurs between two incompatible liquids, such as oil and water, but it can also occur in a fully aqueous medium when two incompatible polymer solutions are mixed so that water-in-water (W/W) emulsions are formed. The absence of an organic phase makes W/W emulsions very interesting for medical applications. So far, only a few examples of porous hydrogels based on W/W emulsions have been reported [9][10][11] , this alternative should be more investigated.

The current work aims at creating porous hydrogels with tunable morphologies for cell encapsulation. One axis of this Ph.D. project is to design a stable biphasic hydrogel with tunable morphology and appropriate mechanical properties for medical applications. The second axis is to explore more complex morphologies within the hydrogel using triphasic aqueous systems.

For medical applications it is necessary that the ingredients are biocompatible. For this study we have used a modified poly(ethylene oxide) as the matrix and dextran and gelatin as porogens.

The thesis contains 5 chapters:

-In Chapter 1, the background to the research exposed in the thesis is summarized. Some literature on hydrogels is discussed and the need for porous structures is highlighted.

The principles of W/W emulsion-based systems will also be addressed.

-In Chapter 2, the materials and experimental methods used during this work are presented. The synthesis and characterization of tPEO as well as the preparation of emulsions and hydrogels are detailed. Various characterization methods that were used throughout this work are introduced.

-Chapter 3 focuses on a fundamental investigation of the effect of adding xanthan on the stability and rheological properties of W/W emulsions. The investigations were carried out in a model emulsion of PEO and dextran. The results have been published in Carbohydrate Polymers (DOI: 10.1016/j.carbpol.2021.118812) -In Chapter 4, the study of a three-phase emulsion made of PEO, GEL and DEX is presented. In these polymers, only gelatin is charged and its compatibility with the other components can be tuned by adjusting pH. It is shown how one particular type of microstructure can be used to form stable gelatin microcapsules by fine-tuning the pH and subsequent cooling to jellify the gelatin around dextran droplets. The results have been published in Journal of Colloid and Interfacial Science (DOI: 10.1016/j.jcis.2022.02.113).

-Chapter 5 is dedicated to the study of biphasic and triphasic porous hydrogels. Biphasic hydrogels were prepared by mixing tPEO and gelatin. Triphasic hydrogels were prepared by mixing tPEO, gelatin and dextran. This thesis ends with the main conclusions and proposing perspectives for future study.

Hydrogels a. General introduction of hydrogels

Hydrogels are three-dimensional networks composed of homopolymers or copolymers in water. Their 3D structure results from crosslinks that can be either chemical covalent bonds or physical interactions between the polymer chains. Hydrogels can contain large amounts of water and extensively swell up to hundreds of times their dry weight in water or biological fluids.

The study of hydrogels has been intensively developed since 1960. Wichterle and Lim reported the preparation of a poly (2-hydroxyethyl methacrylate)(PHEMA)-based hydrogel, and applied for the first time this material in manufacturing contact lenses and arteries 1 . An important work by Lim and Sun showed that crosslinked calcium alginate microcapsules could be successfully applied to islets cell culture 2 . From then on, hydrogels have been applied in various areas of medicine and agriculture, because of their biocompatibility and their soft and rubbery nature, which are similar to human tissues (Figure 1.1). In particular, hydrogels have been used for drugs delivery 3 and cell encapsulation for specific therapeutic purposes (tissue engineering and regenerative medicine [4][5][6] , cellular immobilization 7 ). Hydrogels can be prepared from natural and synthetic hydrophilic polymers, as well as their derivatives. Natural polymers that can be used to form hydrogels include polynucleotides 10 , peptides 11 , polysaccharides 12 , and their derivatives. These natural polymers are derived from various natural substances. Natural hydrogels are advantageous in biomedical applications due to their intrinsic characteristics. However, using natural polymer-based hydrogels is limited by the poor control over the gelation process and often poor mechanical characteristics.

Limitations of natural hydrogels have motivated approaches to chemically modify natural polymers as well as to use suitable synthetic polymers. Synthetic polymers have better defined structures, which can be tailored to obtain the desired properties adapted to different applications. Some synthetic polymers are widely utilized for construction of hydrogels and are extensively used in medicine: polyethylene glycol (PEG) 13 ; polyvinyl alcohol (PVA) 14 , polylactic acid (PLA) 15 , polyhydroxyethyl methacrylate (PHEMA). These polymers are approved as biodegradable, biocompatible and non-toxic by the US Food and Drug Administration (FDA) 16 .

1) Physical hydrogels

An important method to prepare hydrogels relies on network crosslinking through physical interactions. Physical interactions that can be used include electrostatic interactions, hydrophobic associations, hydrogen bonding and stereocomplexation. 17 The crosslinking behavior and simultaneously physical properties of these hydrogels can be controlled by varying environmental conditions such as temperature, light, pH and salt concentration. 18 Physically crosslinked hydrogels through hydrophobic interactions represent an interesting category. In most cases, they involve copolymers exhibiting both hydrophilic and hydrophobic parts, called amphiphilic copolymers. In an aqueous solution, these polymers form micelles or vesicles by association of hydrophobic units. With increasing concentration, such polymers can increasingly connect between different micelles and eventually form a network with the hydrophobic micro-domains acting as the crosslinking points. 19 Crosslinking in this way introduces dynamic and often self-healing behavior of the network due to the reversible nature of the crosslinks. 12,[START_REF] Saunders | Self-Healing Supramolecular Hydrogels for Tissue Engineering Applications[END_REF][START_REF] Taylor | Self-Healing Hydrogels[END_REF] To better understand the crosslinking mechanism, one needs to know the self-association behavior of the amphiphilic copolymers in an aqueous solution.

Chapter 1. State of the art 2) Associative amphiphilic copolymers in aqueous solution 19,[START_REF] Chassenieux | Rheology of associative polymer solutions[END_REF] Associative amphiphilic block copolymers are polymers composed of hydrophilic blocks covalently bound to hydrophobic blocks. In an aqueous medium, amphiphilic copolymers aggregate by the association of hydrophobic blocs in order to minimize contact with water, forming clusters of polymers named micelles.

The self-assembly behavior of amphiphilic block copolymers in an aqueous medium is illustrated in Figure 1.2. In the case of diblock copolymers or triblock copolymers that contain a central hydrophobic block (A in Figure 1.2), the hydrophobic blocks associate, forming starlike micelles with a dense core to minimize the surface of contact with water surrounded by a corona of hydrophilic blocks. At high concentrations the micelles jam and form a soft colloidal glass. [START_REF] Chassenieux | Rheology of associative polymer solutions[END_REF] Chapter 1. State of the art Triblock copolymers that are composed of a central hydrophilic block and two hydrophobic chains (B in Figure 1.2) form flower-like micelles with a dense core containing the hydrophobic blocks surrounded by loops of hydrophilic blocks. When the concentration increases, polymers increasingly bridge between two nearby micelles leading to the formation of aggregates. A transient network is formed when the concentration exceeds the percolation concentration (Cp) with the hydrophobic cores playing the role of crosslink. Multi-sticker copolymers with hydrophobic branches (C in Figure 1.2) form objects with a less well-defined structure, but the multiplicity of the associating blocks on a single polymer chain favors the formation of a network.

Viscoelasticity is an important characteristic of a transient network that can be studied by dynamic rheology. The rheological response of a viscoelastic fluid, which is characterized by the Maxwell model, can be found in Figure 1.3. At low frequencies (), the system behaves like a viscous liquid for which the loss modulus G"  is higher than the storage modulus G'   2 . At high frequencies, the system behaves as a solid with G' > G " and independent of the frequency. The crossover between G' and G" curves gives access to the characteristic residence time of the hydrophobic block in the micelle core. This relaxation time can be determined as τ = 1 / ω, where ω is the angular frequency where G' and G" cross. [START_REF] Annable | The rheology of solutions of associating polymers: Comparison of experimental behavior with transient network theory[END_REF] For a dynamic self-assembly system, the rheological properties of the transient network depend on the number of bridges (crosslink density) and their relaxation time (exchange dynamics). The more hydrophobic the blocks, the longer the relaxation time.

Fig. 1.3 G' and G" evolution of a typical Maxwell liquid oscillatory response. [START_REF] Nijenhuis | Non-Newtonian Flows[END_REF] 3) Chemically crosslinked hydrogels -photopolymerization [START_REF] Liu | Current Understanding of the Applications of Photocrosslinked Hydrogels in Biomedical Engineering[END_REF] The finite relaxation time can be a disadvantage for the use of physically crosslinked hydrogels. In addition, they may be sensitive to changes in environmental conditions (pH, temperature, ionic strength) that cause the bonds to break. Chemically crosslinked hydrogels are attractive for various applications because they are usually more stable than physical hydrogels and exhibit more controllable mechanical properties. One of the most commonly applied methods to form covalent crosslinks is free radical polymerization. This method can be achieved under mild experimental conditions and with rapid kinetics. In particular, photocrosslinked hydrogels have attracted much attention in the biomedical field due to their variety and simple preparation methods.

The photocrosslinking process can rapidly convert a liquid monomer or macromolecule precursor to a gel under physiological conditions and gives excellent spatiotemporal control over the gelation process. Photopolymerization uses UV or visible light to decompose the initiator into free radicals, which then react with double bonds (usually (meth)acryloyl end groups) of the (macro)monomer to initiate chain polymerization. The polymers used are often chemically-modified natural polymers or synthetic polymers with good control of the chemical structure.

As this process requires a photoinitiator, choosing the appropriate initiator is important for the desired applications. [START_REF] Tomal | Water-Soluble Photoinitiators in Biomedical Applications[END_REF] Depending on the dissociation mechanism of initiator molecules, photoinitiators type I and type II are distinguished. Type I photoinitiators undergo an α-cleavage process upon irradiation to form two radical species. Type II photoinitiators are based on compounds whose triplet excited states react with hydrogen donors, producing radicals. Since type II initiators are generally less efficient than type I, most research has focused on type I initiators. [START_REF] Nguyen | Photopolymerizable hydrogels for tissue engineering applications[END_REF][START_REF] Allushi | Conventional Type II photoinitiators as activators for photoinduced metal-free atom transfer radical polymerization[END_REF] Among the water-soluble type I photoinitiators, 2-hydroxy-1-[4-(2hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959®) is the most commonly used one, but the optimum absorption occurs in the ultraviolet, which may be harmful to living tissues. I2959 and its derivatives are rarely used for cell encapsulation applications even though it is well tolerated by many cell types. [START_REF] Williams | Variable cytocompatibility of six cell lines with photoinitiators used for polymerizing hydrogels and cell encapsulation[END_REF] Another popular candidate is lithium phenyl- [START_REF] Fairbanks | Photoinitiated polymerization of PEG-diacrylate with lithium phenyl-2,4,6-trimethylbenzoylphosphinate: polymerization rate and cytocompatibility[END_REF] Since then, LAP has been widely used in biomedical applications to generate hydrogels based on methacrylated gelatin (GelMa) and methacrylated hyaluronic acid (HAMa). [START_REF] Lee | Human articular cartilage repair: Sources and detection of cytotoxicity and genotoxicity in photo-crosslinkable hydrogel bioscaffolds[END_REF] For the present investigation, we focus on a synthetic PEG-based hydrogel that was photocrosslinked in the presence of LAP. 

c. Porous hydrogels for cell encapsulation

The creation and control of porosity play an important role in constructing an optimal hydrogel for cell encapsulation. The presence of porosity has proved to be crucial for optimizing the transport and diffusion of gases, nutrients, wastes, drugs, and biomolecules (extracellular matrix components, growth factors, cytokines) as well as optimizing cell viability, proliferation, and differentiation of stem cells. The advantages of a porous structure on cell behaviors have been extensively reviewed. [START_REF] Annabi | Controlling the porosity and microarchitecture of hydrogels for tissue engineering[END_REF][START_REF] De France | Structured Macroporous Hydrogels: Progress, Challenges, and Opportunities[END_REF][START_REF] Elbert | Liquid-liquid two-phase systems for the production of porous hydrogels and hydrogel microspheres for biomedical applications: A tutorial review[END_REF][START_REF] Fan | Macroporous Hydrogel Scaffolds for Three-Dimensional Cell Culture and Tissue Engineering[END_REF][START_REF] Wang | Porous and responsive hydrogels for cell therapy[END_REF] 

1) Porosity in hydrogels

Hydrogels are swollen polymeric networks in an aqueous medium, which is intrinsically porous. Its intrinsic porosity depends on the nature and characteristics of the macromolecules and the elaboration conditions. IUPAC classifies the pores according to their size: macropores (size >50 nm); mesopores (size between 2 and 50 nm); and micropores (size <2 nm) [START_REF] Sing | Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity (Recommendations 1984)[END_REF] .

Figure 1.5 shows different characteristic length scales found in a swollen polymeric network: the mesh size (σ), which is generally defined as the average distance between two crosslinks, and the correlation length (ξ), which corresponds to the characteristic distance of the concentration fluctuations. The correlation length can be of the same order of magnitude as the mesh size in the case of hydrogels exhibiting high cross-linking density. Larger pore sizes (L) can be created by the introduction of porogens.

Fig. 1.5 Schematic representation of different porosity can be found in a polymer network, with ξ, the correlation length; σ, the mesh size and L, the size of pores formed by porogens. [START_REF] Nicol | Photopolymerized Porous Hydrogels[END_REF] 

2) Strategies for generating porosity

For cell encapsulation applications, it is highly desirable to control physical and biological environment of cells by forming macropores in the hydrogel. In the literature, various approaches such as particle leaching, phase separation, cryotemplating, foam forming, 3D

printing and degradation were reported to generate macroporous structures in hydrogels. 40,[START_REF] Schmidt | Multicompartment Hydrogels[END_REF] As listed in Table 1.1, the characteristics of each strategy and the main advantages/drawbacks have been discussed. [START_REF] Nicol | Photopolymerized Porous Hydrogels[END_REF] Tab. 1.1 Summary of different pore creation strategies [START_REF] Nicol | Photopolymerized Porous Hydrogels[END_REF] 3) Porosity generated by phase separation Among these strategies, generating porosity by phase separation seems to be the one that has fewer preparation procedures and greater feasibility. Phase separation can occur between polymer and solvent, so-called solvent-induced phase separation. The polymers are often synthetic amphiphilic copolymers and the solvent can be organic solvents that need to be removed after gel formation [START_REF] Lee | Facile fabrication of superporous and biocompatible hydrogel scaffolds for artificial corneal periphery[END_REF][START_REF] Bailey | PDMS(star)-PEG hydrogels prepared via solvent-induced phase separation (SIPS) and their potential utility as tissue engineering scaffolds[END_REF] , or an aqueous medium [START_REF] Censi | Photopolymerized thermosensitive poly (HPMAlactate)-PEG-based hydrogels: effect of network design on mechanical properties, degradation, and release behavior[END_REF] in which the separation depends on the attractivity of micellar structure formed by self-assembly.

Phase separation can also be driven by the incompatibility of different solutions, socalled emulsion-templating using either oil/water [START_REF] Yom-Tov | A novel design of injectable porous hydrogels with in situ pore formation[END_REF] or water/water [START_REF] Klymenko | Formation of porous hydrogels by self-assembly of photo-cross-linkable triblock copolymers in the presence of homopolymers[END_REF][START_REF] Ying | Aqueous Two-Phase Emulsion Bioink-Enabled 3D Bioprinting of Porous Hydrogels[END_REF][START_REF] Liang | Enhanced mechanical and cell adhesive properties of photo-crosslinked PEG hydrogels by incorporation of gelatin in the networks[END_REF][START_REF] Levesque | Macroporous interconnected dextran scaffolds of controlled porosity for tissue-engineering applications[END_REF][START_REF] Bignotti | Macroporous polyacrylamide hydrogels with tailored porosity and mechanical properties via microphase separation in the presence of hydroxyethylcellulose[END_REF][START_REF] Andrei | Degradable thermosensitive injectable hydrogels with two-phase composite structure from aqueous solutions of poly(N-isopropylacrylamide-co-5,6-benzo-2-methylene-1,3-dioxepane)poly(ethylene glycol) triblock copolymers and biopolymers[END_REF] emulsions. The necessity to add surfactants to stabilize oil/water emulsions, which may influence the viability of cell encapsulation, and to extract the oil phase may cause problems for applications.

Water-in-water emulsions represent a promising strategy for creating porosity in a purely aqueous environment. Lévesque et al. reported on methacrylated dextran scaffolds with interconnected porosity, which were created by adding immiscible polyethylene glycol during crosslinking. [START_REF] Levesque | Macroporous interconnected dextran scaffolds of controlled porosity for tissue-engineering applications[END_REF] Klymenko et al. reported on a biphasic system made by a self-associative PEGbased copolymer (tPEO) and dextran or polyethylene glycol. The porosity was determined by the volume fraction of the dispersed phase, and the microstructure was manipulated by changing the phase volume ratios (Figure 1.6). They also demonstrated that the mechanical properties of the biphasic hydrogel increased with the incorporation of dextran due to an increase of the concentration of tPEO in its phase. [START_REF] Klymenko | Formation of porous hydrogels by self-assembly of photo-cross-linkable triblock copolymers in the presence of homopolymers[END_REF] Andrei et al. illustrated a similar biphasic system but using a thermosensitive and degradable triblock copolymer, they also confirmed the improved viscoelastic properties of hydrogel with increasing dextran. [START_REF] Andrei | Degradable thermosensitive injectable hydrogels with two-phase composite structure from aqueous solutions of poly(N-isopropylacrylamide-co-5,6-benzo-2-methylene-1,3-dioxepane)poly(ethylene glycol) triblock copolymers and biopolymers[END_REF] A limitation of emulsiontemplating in pure aqueous mediums is the large size dispersity of the droplets.

Several studies revealed the link between mechanical properties of cell culture environment and cell growth [START_REF] Caliari | A practical guide to hydrogels for cell culture[END_REF][START_REF] Baruffaldi | 3D Cell Culture: Recent Development in Materials with Tunable Stiffness[END_REF][START_REF] Peter | Gelatin-Based Matrices as a Tunable Platform To Study in Vitro and in Vivo 3D Cell Invasion[END_REF] . However, general rules have not yet been established that predict the influence of pore size and morphology on cell proliferation. The optimum porosity and pore size for a target cell is still not understood.

For the present investigation, aqueous multiphase separation was chosen to generate porous structures into hydrogel matrixes. The principles of phase separation will be presented in the following section. .

Aqueous multiphase systems -separation and stabilization a. Water-in-water emulsions

An aqueous two-phase system called water-in-water (W/W) emulsion is defined as a mixture of two thermodynamically incompatible macromolecules in aqueous solution. [START_REF] Frith | Mixed biopolymer aqueous solutions -phase behaviour and rheology[END_REF][START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF] The first commonly admitted aqueous two-phase system (ATPS) was formed by mixing gelatin and starch and was reported by Beijerinck in 1896. [START_REF] Beijerinck | Über eine Eigentümlichkeit der löslichen Stärke[END_REF] W/W emulsions can be biocompatible, biodegradable and food grade. For this reason, they have been extensively investigated in the past and have been applied in the food industry and biomedical fields. [START_REF] Beldengrun | Gelatin/Maltodextrin Water-in-Water (W/W) Emulsions for the Preparation of Cross-Linked Enzyme-Loaded Microgels[END_REF][START_REF] Dewey | Bioreactor droplets from liposome-stabilized all-aqueous emulsions[END_REF][START_REF] Coudon | Stabilization of all-aqueous droplets by interfacial self-assembly of fatty acids bilayers[END_REF] In order to avoid macroscopic phase separation, the dispersed droplets need to be protected against droplet coalescence.

Before discussing phase separation, it is appropriate to introduce the thermodynamics of polymer mixtures first. The mixing Gibbs free energy has two contributions (Eq. 1.1):

𝛥𝐺 = 𝛥𝐻 -𝑇∆𝑆 , Eq. 1.1
where T is the temperature (in K); ΔHm is the mixing enthalpy; ΔSm is the mixing entropy. [START_REF] Kosfeld | The physics of polymers, concepts for understanding their structures and behavior[END_REF] Equation 1.1 provides the basis for a general discussion of the miscibility properties.

The miscibility of both components depends on whether the free energy is negative or positive.

The necessary condition for mixing is that Gibbs free energy is negative (ΔGm < 0). In contrast, when ΔGm > 0, phase separation is observed.

The entropy of mixing is often positive and favors mixing. For small-molecule solutes, ΔSm is usually large enough to counteract ΔHm. However, for polymers with higher molar mass, ΔSm becomes much lower. Consequently, ΔHm often dominates the free energy leading to segregative phase separation. If the polymers are charged and have opposite sign, they may form complexes or in some cases shows associative phase separation with one phase rich in both polymers, namely a coacervate. [START_REF] Frith | Mixed biopolymer aqueous solutions -phase behaviour and rheology[END_REF] In this manuscript, we will only talk about the segregative phase separation. is known, the relative volume fractions of the phase can be calculated from the relative distance of the point representing the mixture compositions and the binodal along the tie-line. [START_REF] Frith | Mixed biopolymer aqueous solutions -phase behaviour and rheology[END_REF] Chapter 1. State of the art

2) W/W interface and interfacial tension

Compared with O/W emulsions, W/W emulsions are characterized by thicker interfaces as it is similar to the correlation length of polymer solutions, i.e several nm. [START_REF] Vis | Water-in-Water Emulsions Stabilized by Nanoplates[END_REF] In addition, the interfacial tension is orders of magnitude lower and varies with the polymers concentrations.

Balakrishnan et al. showed that the interfacial tension varied between 1 µN/m to 100 µN/m with increasing polymer concentration. They demonstrated that the relationship between interfacial tension (Γ) and the length of tie-line (TLL) can be determined by : Γ = TLL 3.9 . [START_REF] Balakrishnan | Particles trapped at the droplet interface in water-in-water emulsions[END_REF] 

c. Stabilization of water in water emulsions

Since the interface of W/W emulsion is several nm thick and the interfacial tension is very low, molecular surfactants are too small to stabilize W/W emulsions. However, stabilization of W/W can be realized in some cases by adding particles or polymers that spontaneously form a protective layer at the surface of the dispersed droplets and prevent coalescence. [START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF][START_REF] Dickinson | Particle-based stabilization of water-in-water emulsions containing mixed biopolymers[END_REF][START_REF] Nicolai | Particle stabilized water in water emulsions[END_REF] This method of stabilization has been known for a long time for oil/water emulsions, so-called Pickering emulsions.

The presence of particles at the interface decreases the free energy (∆G) because the interfacial area between phase A and phase B is decreased. The surface of the particle at the interface is exposed to both phases, which means that ∆G is reduced only if the difference in the interfacial tension of the particles with phase A (γPA) and phase B (γPB) is smaller than that between the two phases (γAB), as described by Eq 1.2:

∆G = -π𝑅 𝛾 (1 -|cos 𝜃|), Eq. 1.2
where R is the particle radius, γAB is the interfacial tension between the liquid phases, and θ is the contact angle between the particles and the interface. The latter will depend on the affinity of the particles with each phase (Figure 1.8), which can be calculated as described in Eq 1.3: In recent years, the stabilization of W/W emulsions has been extensively investigated and it was found that it can be realized by adding particles with different forms and sizes (latex [START_REF] Balakrishnan | Particles trapped at the droplet interface in water-in-water emulsions[END_REF] , protein microgel [START_REF] Nguyen | Stabilization of water-in-water emulsions by addition of protein particles[END_REF] , cellulose nanorods [START_REF] Peddireddy | Stabilization of Water-in-Water Emulsions by Nanorods[END_REF][START_REF] Ben Ayed | Water-in-water emulsion gels stabilized by cellulose nanocrystals[END_REF] , graphitic carbon nitride [START_REF] Zhang | Graphitic Carbon Nitride Stabilized Water-in-Water Emulsions[END_REF] , polydopamine nanoparticles [START_REF] Zhang | Water-in-Water Pickering Emulsion Stabilized by Polydopamine Particles and Cross-Linking[END_REF] , and other particles with special physical properties [START_REF] Merland | Thermo-induced inversion of waterin-water emulsion stability by bis-hydrophilic microgels[END_REF] ). The stabilization can also be achieved by adding polyelectrolytes [START_REF] Tea | Stabilization of Water-In-Water Emulsions by Linear Homo-Polyelectrolytes[END_REF] , self-assembled amphiphilic copolymers [START_REF] Buzza | Water-in-water emulsions based on incompatible polymers and stabilized by triblock copolymers-templated polymersomes[END_REF] or lipid polymers. [START_REF] Dewey | Bioreactor droplets from liposome-stabilized all-aqueous emulsions[END_REF][START_REF] Coudon | Stabilization of all-aqueous droplets by interfacial self-assembly of fatty acids bilayers[END_REF] Stabilization of W/W emulsions by adding particles or polymers does not always work, but requires finding a suitable type of particle for each kind of W/W emulsion. Unfortunately, despite much effort, no general rules have yet been established that allows one to know beforehand which type of particles will successfully stabilize a given W/W emulsion. In addition, particles that successfully stabilize an emulsion of phase A dispersed in phase B do not necessarily stabilize the inverse emulsion of phase B dispersed in phase A. It is possible that even if the particles cover the whole dispersed droplets, they cannot efficiently prevent coalescence. In particular, close to binodal the interfacial tension becomes extremely low rendering stabilization by adding particles very difficult. The relative interfacial tension is related to the angles as:

cos 𝜃 = , Eq. 1.3
𝛾 𝛾 ⁄ = sin(𝜃 )/𝑠𝑖𝑛(𝜃 ), Eq. 1.7

𝛾 𝛾 ⁄ = sin(𝜃 )/𝑠𝑖𝑛(𝜃 ), Eq. 1.8

𝛾 𝛾 ⁄ = sin(𝜃 )/𝑠𝑖𝑛(𝜃 ).

Eq. 1.9

If the interfacial tension between two phases is known, the one between the other phases can be determined by measuring the angles (more details will be given in Chapter 2). In this manner, the interfacial tension between 14 different pairs of aqueous polymer phases was determined with respect to that between DEX and PEO. [START_REF] Nicolai | Effect of the Interfacial Tension on Droplet Association in Aqueous Multiphase Systems[END_REF] This information may help to predict the morphologies in multiphase emulsions.

e. Flow behavior of W/W emulsions

The behavior under flow of an emulsion system is crucial for applications. Taylor [START_REF] Taylor | The viscosity of a fluid containing small drops of another fluid[END_REF] first proposed a general equation (Eq. 1.10) to describe the zero-shear rate viscosity (η0) of emulsions as a function of the volume fraction of the dispersed phase (ϕ) and the viscosity ratio (K) between that of the dispersed (ηd) and the continuous (ηc) phases :

𝜂 = 𝜂 1 + 𝜙 Eq. 1.10
However, this equation is only valid for small dispersed volume fractions and does not consider the effect of viscosity as a function of the shear rate (𝛾), the interfacial tension and droplet size (R). These parameters were taken into consideration by Kroy et al. [START_REF] Kroy | On the Viscosity of Emulsions[END_REF] (Eq. 1.11) and by Frankel and Acrivos 80 (Eq. 1.12) with the introduction of a relaxation time of droplets (τ, Eq. 1.13) after cessation of shear:

𝜂 = ( ̇) ( . ) ( . ) + ( ) ( ) (𝜏𝛾) Eq. 1.11 𝜂 = ( ̇) 1 + 𝜙 + 1 + 𝜙 ( ) (𝜏𝛾) Eq. 1.12 𝜏 = × ( )( ( )) ( ) ( )
Eq. 1.13

Chapter 1. State of the art Based on these theoretical models, Tea et al. [START_REF] Tea | Viscosity and Morphology of Water-in-Water Emulsions: The Effect of Different Biopolymer Stabilizers[END_REF] presented a detailed investigation about the viscosity of W/W emulsions formed by mixtures of PEO and DEX as a function of the shear rate. They showed that the Newtonian viscosity of emulsions is larger than that of the continuous phase and it increases when the fraction of the more viscous PEO phase increases up to about 75%, then decreases beyond to tend towards values close to that of the 50% pure PEO phase (Figure 1.10). In all cases, a second plateau of viscosity was observed. The authors investigated, with the help of a shear cell coupled to a confocal microscope, the effect of shear on the morphology of the droplets (Figure 1.11). They demonstrated that at low shear rates, droplets moved under flow, which favored the coalescence. With increasing shear rate, the droplets deformed and aligned until forming filaments in the shear direction. The second plateau measured on viscosity curves corresponds to the rupture of droplets and the formation of filaments. The shear rate at which the droplets started to deform (critical shear rate) decreased with the increasing volume fraction of the dispersed phase because the droplets were larger at the initial state. [START_REF] Tea | Viscosity and Morphology of Water-in-Water Emulsions: The Effect of Different Biopolymer Stabilizers[END_REF] According to Tromp et al. [START_REF] Tromp | Band formation on shearing in phase-separated polymer solutions[END_REF] and Wolf et al. [START_REF] Wolf | Shear behaviour of biopolymer suspensions with spheroidal and cylindrical particles[END_REF] , these filaments are stable under shear, but when the latter is stopped, they break into small droplets because of Rayleigh instabilities. Static and dynamic light scattering (SLS, DLS) were used to determine the molar mass and hydrodynamic radius of the micelles in very dilute conditions. Fluorescent spectroscopy was used to determine the critical concentration of association (CMC). As expected, the CMC was found to decrease with increasing number average degree of polymerization of the hydrophobic blocks (DPn): 0.05 g/l [START_REF] Kadam | Structure and Rheology of Self-Assembled Telechelic Associative Polymers in Aqueous Solution before and after Photo-Cross-Linking[END_REF] and 0.033g/l [START_REF] Klymenko | Élaboration d'hydrogels plurifonctionnels par auto-assemblage de copolymères à blocs amphiphiles : formation de réseaux interpénétrés, caractérisation des propriétés de transport[END_REF] for DPn = 6 and DPn = 8, respectively.

In dilute conditions (C = 1-2 g/L), the apparent molar mass (Mapp) and the hydrodynamic radius (Rh) measured by light scattering correspond to that of single flower-like micelles. For DPn = 8 it was reported that Mapp ≈ 2 × 10 5 g/mol and Rh ≈ 12 nm. [START_REF] Klymenko | Élaboration d'hydrogels plurifonctionnels par auto-assemblage de copolymères à blocs amphiphiles : formation de réseaux interpénétrés, caractérisation des propriétés de transport[END_REF] The aggregation number Nagg ≈

The viscosity was measured as a function of the concentration before and after photocrosslinking, see Figure 1.13. Before photocrosslinking, the viscosity increased strongly above about 20 g/L, which is due to the formation of the transient physical network. After photocrosslinking, the viscosity diverged at ~14 g/L due to formation of a covalently crosslinked gel. Viscoelasticity is an important characteristic of transient networks. The concentration dependence of the gel modulus (G') is plotted as a function of the concentration of tPEO (DPn = 6), with a solid guide line. [START_REF] Kadam | Structure and Rheology of Self-Assembled Telechelic Associative Polymers in Aqueous Solution before and after Photo-Cross-Linking[END_REF] The dashed line represents G0 = CRT/Mn.

Macroporosity in tPEO hydrogels can be created by phase separation after adding DEX as was shown in the work of Klymenko et al. [START_REF] Klymenko | Formation of porous hydrogels by self-assembly of photo-cross-linkable triblock copolymers in the presence of homopolymers[END_REF] The tPEO phase formed a continuous hydrogel matrix after photocrosslinking and the dispersed droplets of the DEX phase formed the pores (Figure . 1.6). The self-association of tPEO increased the viscosity, which slowed down coalescence of the dispersed droplets so that the porous structure was preserved long enough to perform photocrosslinking. However, for high volume fractions of DEX, the emulsion was highly unstable and macroscopic phase separation occurred within a few minutes.

Conclusion

Hydrogels have shown great importance for some biomedical or biotechnology developments because of their properties close to natural tissue. Porous hydrogel scaffolds with tunable morphology and appropriate mechanical properties are highly desirable. Aqueous phase separation induced by mixing incompatible polymers is a good way to create macroporous hydrogels. tPEO is a self-associative amphiphilic triblock copolymer that forms physical network in aqueous solution that can be injected. It contains photopolymerizable groups in the hydrophobic ends allowing covalent photocrosslinking into a hydrogel. Aqueous phase separation induced by adding DEX can be used to create macroporous hydrogels. tPEO is shown to be biocompatible, which renders it a promising candidate for cell encapsulation.

Hydrogels with more complex microstructures may be produced by crosslinking aqueous multiphase systems.
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This chapter aims to provide all the information about materials and the experimental procedure. We will first discuss the synthesis of the associative copolymers. Then we will describe the processes used for producing multi-phasic emulsions and hydrogels. Finally, the various applied characterization techniques will be presented. 

Copolymer synthesis

The polymer used for preparing the hydrogels for this study is an amphiphilic copolymer, which has been developed in our laboratory for several years. After listing all the necessary chemicals, the polymer synthesis will be briefly described.

a. Chemicals and purifications

The commercial products used for copolymer synthesis are listed in Table 2.1: 

Reagents

Dimethyl sulfoxide DMSO ≥99.9% Thermo Scientific 2-Hydroxyethyl acrylate (HEA) has been purified using a protocol described in the literature 1 . Briefly, 100 ml of HEA was dissolved into 300 ml ultrapure water (MilliQ) (25 vol%). The solution was extracted with hexane 6 times (50 ml/time) to remove diacrylates. 80g

of NaCl (200 g.L -1 ) was added into the solution; then the solution was extracted by 4 diethyl ether extractions (100 ml/time) to remove acrylic acid. 0.25 g of mequinol (0.05 wt%) was added to the ether phase as inhibitor and it was dried over MgSO4 (15 g, 3 wt%). Diethyl ether was then evaporated off over the rotary evaporator. Finally, the purified monomer was distilled under reduced pressure (70°C/3 mmHg) and was kept at -18°C. The rest of the chemicals were used without prior purification.

b. Synthesis protocol and chemical characterization 1) Macroinitiator: Br-POE-Br

The macroinitiator Br-POE-Br was synthesized according to an adapted procedure described by Piogé et al. 2 (Scheme 2.1). In a 500 mL flask fitted with an addition funnel, poly (ethylene oxide) (30 g; 6 × 10 -3 mol) was dissolved in 250 mL of toluene at 40°C. TEA (2.125 g; 2.1 × 10 -2 mol) and DMAP (0.073 g; 6 × 10 -4 mol) were added to the solution afterward.

BIBBr was dissolved in 50ml of toluene and transferred into the addition funnel. The whole reaction system was degassed under argon for 15 minutes to prevent the oxidation of triethylamine. BIBBr was then added dropwise to the reaction mixture under magnetic stirring.

The reaction was carried out at 40°C overnight. The warm reaction medium was then filtered off in order to remove the triethylammonium bromide salt. Toluene was completely evaporated under reduced pressure. After drying, the white polymer powder was dissolved in 200 ml of CH2Cl2 and extracted three times by ~70 ml saturated NaCl solution each time. After extraction, the organic phase was collected in an Erlenmeyer flask, the small fraction of water was removed by adding MgSO2. The purified macro-initiator was obtained by precipitation in diethyl ether.

Scheme 2.1 synthesis of macroinitiator Br-POE-Br

The chemical structure was characterized by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy. 3) Functionalization of PHEA blocks with photopolymerizable groups:

PMEA7 -b -POE10K -b -PMEA7
The final copolymer tPEO was obtained by esterification of -OH groups borne by the PHEA blocks with methacryloyl chloride (Scheme 2.3). In a 500 mL flask fitted with an addition funnel, the polymer precursor (6 g, 6.58 × 10 -3 mol), TEA (2.19 g; 2.17 × 10 -2 mol)

and DMAP (0.08 g; 6.57 × 10 -4 mol) were dissolved into 200 ml of toluene/CH2Cl2 50/50 (v/v), the solution was purple at the beginning and turned to blue then yellow (transparent). A few mg of mequinol was added to avoid uncontrolled polymerization. Methacryloyl chloride (2.06 g, 1.97 × 10 -2 mol) was dissolved in 50 ml of toluene/CH2Cl2 mixture and added drop by drop to the reaction medium at T < 15°C. After 4 h of reaction, the reaction medium was filtered to remove the triethylammonium chloride salt, and the final copolymer was precipitated in ether. There is 10.6% of chain coupling in the final polymer. RD (a.u.)

Multiphase systems preparation a. Commercial products and purifications

The commercial products used for copolymer synthesis are listed in The PEO powder contained a very small weight fraction of silica particles (<0.1 wt%) that were removed after dissolution (CPEO = 15 wt%) by centrifuge at 5 × 10 4 g for 4.5 h. The xanthan solution was preheated at 80°C for 1h in order to eliminate possible effects of the thermal history on the viscosity 4 and stirred overnight at room temperature to get a homogenous solution. The rest of the products were used without prior purification.
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b. Biphasic hydrogels 1) tPEO solution purification

The tPEO powder obtained after synthesis was dissolved in MilliQ water. The solution was purified by dialysis, using a membrane with cut-off (MWCO) of 3.5 kDa (Spectra/Por™, Fisher Science), against EDTA-4Na at 1.5 g/L for at least 3 days to remove residual Cu 2+ and then against distilled water for 2 days to remove salt. The dialysis tube swelled because of the osmotic pressure, so dialysis against OH-PEO-OH at 80 g/L was necessary to concentrate the tPEO solution. A tPEO solution at a concentration of C ~ 10 wt% was obtained. The exact concentration of the stock solution was assessed by measuring the viscosity and using a viscosity calibration curve (Figure. 

3) Preparation of biphasic hydrogel

The concentration of tPEO was set to C = 6 wt%. At this concentration, tPEO forms a physical hydrogel with a viscosity η ≈ 18 Pa.s, making mixing difficult using a vortex mixer.

The biphasic hydrogel was therefore prepared using a system shown in Figure. 

Characterization techniques

This section introduces characterization methods that were used to investigate the physicochemical properties of multiphase systems. The interpretation of the phase behavior according to the phase diagram and the relation with interfacial tension will be discussed. UV-visible spectroscopy was used to determine GEL concentration. The mechanical properties and the stability of emulsions were characterized by rheological measurements and analytical centrifugation, respectively. Observations of microstructure were achieved by confocal laser scanning microscopy. The characterization methods for the polymer will be mentioned.

a. Phase behavior

The phase diagram of the GEL/PEO and GelF/tPEO mixtures was established by both macroscopic and microscopic observations. Tubes containing different quantities of the stock solutions were mixed under a vortex until becoming visually homogenous, after which they were centrifuged at 30 g until complete phase separation. In order to determine the binodal, water was then added to dilute different emulsions until phase separation was no longer observed; the observation of CLSM can help distinguish microscopic phase separation. When samples were separated after centrifugation, the relative heights of each phase, which correspond to the volume fraction of each phase, allowed the determination of the tie-lines.

In a triphasic system, the relative interfacial tension (γAB/γBC) between each phase determines the compatibility of different phases and the microstructure. As mentioned in Chapter.1, the angle () that each phase makes with the other phases is related to the relative interfacial tensions 6 (see Eq. 1.4-1.6), and the relative interfacial tension is related to the angles (see Eq. 1.7-1.9).

Consequently, if the interfacial tension between two phases is known, the relative interfacial tension of the other phases can be calculated by measuring the contact angles from confocal microscopy images. The angle can be determined by tracing circles around the two droplets and a third circle that tracks the interface between the two droplets on the images. b. UV-visible spectroscopy UV-visible spectroscopy was used to measure the concentration of GEL in different miscible solutions. GEL concentration in each phase was determined after macroscopic phase separation by measuring the absorption at the wavelength of 275 nm using UV-Visible spectrophotometers (V-760, Jasco, Japan or Cary 50 Bio spectrophotometer, Varian, UK). The measured solution was placed in a quartz cuvette of 1 cm light path, its UV-Vis absorption spectrum was measured at 40°C between 200 and 700 nm. The measurement was carried out using MilliQ water as a reference.

The absorption coefficient ε (mass absorptivity) of GEL was calculated by making a calibration curve with unsaturated solutions with a range of known concentrations and using the Beer-Lambert law (Eq. 2.10):

𝐴 = 𝜀 × 𝑏 × 𝑐, Eq. 2.10
with A the absorbance, b the length of the light path in cm, and c the concentration of the solution in g.L -1 . Note that turbidity of a solution can cause measurement deviations, which needs to be corrected using the fact that τ (NTU) has a power law wavelength (𝜆) dependence (Eq. 2.11) 8 , with two coefficients α and β:

τ = α × 𝜆 , Eq. 2.11
Figure . 2.8 (a) shows an example of GelB before and after turbidity compensation. Figure.

2.8 (b) shows the calibration curve used to determine the absorption coefficient. The absorption coefficients of GelB and GelF were calculated to be  = 0.078 and 0.11 g -1 .L.cm -1 , respectively. 

c. Analytical centrifugation

As mentioned in Chapter 1, emulsion destabilization combines interdependent processes, i.e., creaming or sedimentation, flocculation, coalescence and Ostwald ripening. The destabilization rate of emulsions can be quantified using analytical centrifugation.

1) Methodology introduction

The emulsion stability was characterized by multisample analytical centrifugation 9,10 using commercial equipment: LUMisizer (LUM GmbH, Berlin, Germany). This device allows to quantitatively assess the stability of dispersions at different centrifugation rates between 50 and 2300 g. During centrifugation, the turbidity is measured simultaneously over its full sample length as a function of time using STEP-technology®. As shown in Figure. with 𝛥𝜌 the difference of density between the disperse particles and suspension medium, 𝜂 the dynamic viscosity of suspension medium (𝜂 = 1 mPa.s for water), and g is the acceleration. For polydisperse particle suspension, the profile of the front can be used to estimate the size distribution. For emulsions, coalescence renders interpretation in terms of a size distribution difficult, we can compare the destabilization rates of different emulsions 12 .

2) Data analyzing and measurement parameters

The second method is to focus on one part of the sample, for example, the continuous Here, the emulsion stability was characterized at 20°C by measuring their transmission profiles as a function of time. Transmission profiles of light with wavelength  = 870 nm were measured along the tube length. Three different centrifuged forces have been applied: 100 g (829 rpm), 1000 g (2623 rpm), and 2300 g (4000 rpm).

d. Rheology 1) Rotational tests (flow measurements)

When the geometry rotates, it will induce flow in the fluid located between the geometry and work plan of the rheometer; the fluid flowing in the laminar regime (Figure . 2.12). Various rheological parameters can be determined.

Fig. 2.12 Schematic representation of a lamellar flow

The strain (γ, dimensionless or in %) can be defined by the ratio of shift distance with the thickness of the sample (Eq. 2.13). The shear rate (𝛾, in s -1 ) is the derivative of strain as a function of time (Eq. 2.14). The shear stress (σ, in N/m 2 or Pa) can be calculated from the torque (F, in N) with the shearing surface (S, in m 2 ) (Eq. 2.15). With all these parameters, the viscosity (η, in Pa/s) can be calculated by the ratio of shear stress with the shear rate (Eq. 2.16).

𝛾 = =

Eq. 2.13

𝛾̇= = =

Eq. 2.14

𝜎 =

Eq. 2.15 𝜂 = ̇ Eq. 2.16

Chapter 2. Materials and methods

Three shear rate dependences of the viscosity can be distinguished:

1) Newtonian: η independent of 𝛾.

2) Shear-thinning: η decreases with increasing 𝛾.

3) Shear thickening: η increases with increasing 𝛾.

2) Oscillatory tests (dynamic measurements)

The viscoelastic behavior of a polymer is investigated by oscillatory tests. During a dynamic test, the geometry applies an oscillating deformation or stress to the system (gel) at a certain radial frequency (), and the response of material is measured. However, because of the viscoelastic properties, the response wave may be time-delayed compared to the set oscillation.

This time delay is called the phase shift δ, shear stress and shear with time will be represented using a sinusoidal function (Eq. 2.17 & 2.18) 𝛾 = 𝛾 sin (𝜔𝑡) Eq. 2.17 𝜎 = 𝜎 sin(𝜔𝑡 + 𝛿) = 𝜎 sin(𝜔𝑡) cos(𝛿) + 𝜎 cos(𝜔𝑡) sin (𝛿) Eq. 2.18

The phase shift is characteristic of the viscoelastic properties of the material. For a perfectly elastic solid, the strain (γ) and the stress (σ) are in phase, δ = 0. For a perfectly viscous liquid (Newtonian fluid), the response is shifted by π/2 radians. For a viscoelastic material, which presents an intermediate behavior, the phase shift is between 0 and π/2 radians. The elastic (G') and viscous (G") moduli are calculated as follows:

𝐺′ = cos (𝛿)

Eq. 2.19

𝐺" = sin (𝛿)

Eq. 2.20
G' is proportional to the stored energy during the deformation cycle. On the contrary, G'' represents the viscous component of the material and is proportional to the energy dissipated during deformation. The presentation of the rheological response of a viscoelastic fluid, which is characterized by the Maxwell model, can be found in Chapter 1.
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3) Characteristics of the rheometers

The rheological measurements were carried out using stress-controlled rheometers:

ARG2 or AR2000 (TA instruments) and MCR-301 (Anton Paar). Different geometries were used depending on the nature of the samples and also the measurement. The characteristics of geometries used during this thesis are summarized in Table 2.3. Viscosity measurements were done at 20°C using stress-controlled rheometers (ARG2 or AR2000, TA instruments) with a cone-plate geometry. Emulsions were pre-sheared at 10 3 s - 1 , and subsequently, the viscosity was measured as a function of the shear rate from 10 3 s -1 to 10 -2 s -1 and back to 10 3 s -1 . There was no difference in the curves obtained during increasing and decreasing 𝛾̇. Each shear rate ramp took 2 min, during which time coalescence was negligible in all cases. No effect of pre-shear duration was found.

For in situ photo-crosslinking, the sample was introduced into the geometry and covered with paraffin oil to avoid evaporation. The crosslinking was monitored by oscillation measurements at a frequency of 1 Hz and with a deformation of 2%. A light guide connected with the light source (mounted LED (Thorlabs);  = 405 nm) was positioned 5 cm below the glass plate. The samples were irradiated at 0.17 W.cm -2 for 120 or 300 s.

Gelation of aqueous GEL solutions was monitored during cooling and subsequent heating ramps between 10 and 60°C at 0.5°C/min by measuring G' and G" at an oscillation frequency of f = 1 Hz. The applied deformation (10 % or 1 %) was chosen within the linear response regime. The gelation kinetics were studied by measuring G' and G" moduli as a function of time at 10 °C. Gelation of the emulsions was investigated at 10°C and 20°C at f = 0.1 Hz. During gelation, G', which is initially smaller than G", increases with time and crosses G". We consider the crossover of G' and G" as the gel point and the time needed to reach gel point is defined as the gel time (tgel).

4) Elasticity 13

Solid material will undergo elastic deformation when a small load is applied. Young's modulus (E) is another mechanical property that describes the stiffness of a material. Different from the shear modulus obtained by oscillation rotation, Young's modulus is quantified by uniaxial tension or compression tests. It can be calculated from the slope of the linear region (low strain) of the stress-strain curve:

𝐸 =

Eq. 2.21

with 𝜀 = 𝛥𝑙/𝑙, the deformation of a material after applying the axial force.

The Young's modulus (E) and shear modulus (G) can be related by the Poisson's ratio, which is described in Eq. 2.22:

𝐸 = 2𝐺(1 + 𝜈), Eq. 2.22
with ν the Poisson's ratio, which is the transversal elongation divided by the axial compression as the material tends to expand in directions perpendicular to the direction of compression.

Normally, Poisson's ratio varies between 0 and 0.5. For a rubber-like material, ν ≈ 0.5 if the material is perfectly isotropic, so E ≈ 3G was found for pure tPEO hydrogels.

Uniaxial compression measurements were performed on a Zwick Roell test machine using a 500 N load cell at room temperature. Samples subjected to the mechanical tests were in disc shape of about 12 ± 0.1 mm in diameter and 4 ± 0.3 mm in thickness. Before the test, initial compressive contact to 0.03 ± 0.002 N was applied to ensure complete contact. Paraffin oil was used as lubricant to reduce friction and adhesion between the plates and the gel surface. Load and displacement data were recorded during the experiment. Young's modulus was experimentally determined by measuring the slope of the compressive stress-strain curve in the linear regime. In practice, it was calculated as the slope between 2 % and 5 % strain. The true stress σtrue is the force per cross-sectional area of the deformed gel specimen, and assuming isotropic deformation during compression is given by σtrue = λσnom. Here the CLSM was used to characterize the microstructure of aqueous multiphase systems. Four laser sources are available on our microscope (405 nm, 488 nm, 561 nm and 640 nm); the choice was taken according to the nature of the fluorophore. The pinhole was always kept in 1 AU, and the intensity was kept lower than 4.5 %. Three different objectives: HC × PL APO 10× numerical aperture (NA) at 0.45 and two water immersion HC × PL APO 25× (NA = 0.7), HC × PL APO 63× (NA = 1.2) were mainly used. The GELwas labeled by adding 5 ppm of RhodB, which was excited at 561 nm and was detected between 480 and 800 nm. In mixtures with PEO, the RhodB strongly partitioned to the GEL phase, but in the presence of tPEO, it goes preferentially to the tPEO phase.

2) Fluorescent labeling

The tPEO phase was also labeled by the hydrophobic fluorophore Nile Red, which went to the hydrophobic core and was excited at 561 or 630 nm. A Nile Red solution was prepared in THF at a concentration of 500 ppm. The required amount of Nile Red solution was placed first into a glass vial and the THF was evaporated under a gentle airflow. Then, a concentrated tPEO solution was introduced into the vial and subsequently diluted to the required concentration. The mixture was homogenized overnight with a magnetic stirrer. (c) Nile red 17 .

3) Rheology coupled with confocal microscopy

To visualize the emulsion morphologies under shear flow, a RheOptiCAD® device (CAD Instruments, Les Essarts-le-Roi, France) was coupled with CLSM.

RheOptiCAD® is a cube-like device with a height of 20 cm, weighing around 5 kg. A computer-controlled electronics device relies on Ethernet communication to run the motors and RS-232C. It can generate a laminar flow (Figure . 2.12) with controllable shear rate or oscillation by controlling the movement and thickness (Eq. 2.14) between two plates (Figure.

2.16

). Moreover, this device provides the possibility to work at a given temperature with the help of the Peltier system.

During the experiment, two glass slides are sucked on the bottom plate and top plate with the help of a vacuum pump, the shearing of the sample is carried out by uniaxial translation, generated by the motion of two parallel plates. The maximum moving distance is 6 000 µm and plates forming the shear geometry is set to control the shear parameters and adapt different samples. Generally, the gap should be 10-fold bigger than the objects under observation. In this work, 500 µm was the most used gap, 1 000 µm was applied to avoid big compression shear when the sample is too viscous, and 200 µm was used to generate the maximum shear rate (120 s -1 ).

Fig. 2.16 Composition of RheOptiCAD® device 18

Notice that when two plates move towards the opposite direction with different speeds, two lamellar flows with opposite directions are generated. It is important to focus on the zero velocity plan (ZVP) (Figure . 2.17). However, the emulsions were not stable enough to let us look for the ZVP; thus, the shear experiments were carried out at the medium height of each sample.

Fig. 2.17 Schematic representation of a sample during a shear experiment 18 f. Polymer characterization

1) Nuclear magnetic resonance spectroscopy

The chemical structure of the macromolecules was characterized by proton nuclear magnetic resonance ( 1 H NMR) spectroscopy using Bruker Advance 400MHz device. The analysis was done with 128 scans. Chemical shifts (δ) are given in parts per million (ppm) relative to the tetramethylsilane (TMS) singlet as a reference.

2) Size-exclusion chromatography

The polymer size distribution was analyzed by size exclusion chromatography (SEC) with THF as an eluent in combination with multi angle light scattering (MALS) and refractive index detection. The refractive index increment (dn/dc) of the polymers was 0.066 mL/g 19 .
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The objective of this PhD project is to build a hydrogel platform with variable porosity using the principle of water-in-water (W/W) emulsions. The emulsions are thermodynamically instable, which requires their stabilization. In our biphasic system, tPEO was used as the continuous phase and the photopolymerizable groups in tPEO provide stability after crosslinking. However, for certain compositions, for example, when the volume fraction of each phase is close to 50%, the emulsion evolves so rapidly that the initial microstructure cannot be conserved before irradiation. Therefore, a method is needed to slow down phase separation.

Stabilization of W/W emulsions by adding particles forming Pickering emulsions was investigated for several years, but a generic method to stabilize any emulsion in this manner

has not yet been found.

Xanthan gum is a polysaccharide that is produced from simple sugars by fermentation, and derives its name from the species of bacteria used, Xanthomonas campestris. The evolution of the transmission profile of E25 showed similar features (Figure 3.3).

Initially, the transmittance increased in approximately the same manner over the whole sample, and after 1.5 h a clear bottom layer of the DEX phase was formed. The rate of phase separation decreased only weakly with increasing XAN concentration up to C = 0.08 wt%, but it dramatically decreased when XAN concentration was increased further. At C = 0.1 wt%, phase separation was slower than for E75 and only a tiny increase of transmittance was observed after aging for 7 days. 

d. Evolution during centrifugation

At concentrations of XAN above 0.1 wt%, no or very little evolution of the transmission profiles was observed under gravity during one week. The effect of adding higher XAN concentrations can therefore be better assessed by measuring the transmission profiles during centrifugation. Figure 3.5 shows the transmission profiles as a function of time during centrifugation at 2300 g for E75. In the absence of XAN (Figure 3.5 (a)), the bottom phase was clarified by creaming of PEO droplets that coalesced to form a clear PEO layer at the top. The front of the PEO layer caused the steep decrease of the transmission with decreasing d, and the front of the creaming PEO droplets caused the subsequent slanted increase. The creaming front was slanted, because the size distribution of the droplets was broad. Both fronts moved quickly and the whole process was finished within a few minutes. The difference with the behaviour under gravity can be explained by the fact that at this centrifugation speed, small PEO droplets were driven to the top before they could coalesce substantially.

At C = 0.5 wt% (Figure 3.5 (g)), creaming of PEO domains and formation of a clear PEO phase were also observed during the first 15 minutes. However, small PEO droplets remained trapped in the DEX phase and coalesced only slowly so that the process was not yet completed even after 5 h. It can also be seen that the continuous PEO layer at the top was not immediately transparent as was the case without XAN. We believe that this was caused by small DEX droplets that became temporarily trapped. From the transmission profiles of emulsions containing intermediate XAN concentrations, we can observe that the rate of phase separation was similar up to C = 0.15 wt%, but it decreased at higher XAN concentrations. 

e. Quantitative comparison

There is no unambiguous way to quantify the effect of XAN concentration on the evolution of the transmission profiles, because it varied qualitatively between different samples and centrifugation speeds. Notably, in many cases, there was no clear propagation front of a transparent layer. Here we characterized the destabilization rate of E25 and E75 by measuring the average transmission of the section of the tube where the continuous phase is situated at equilibrium (between d=0.1 to 0.65 for E75, and d=0.9 to 0.35 for E25), see A characteristic time (tc) was defined as the time it took for transmittance to increase half of the total increase. The dependence of tc on XAN concentration at different centrifugal forces is plotted in Figure 3.10. As expected, tc increased with increasing XAN concentration and decreased with increasing centrifugal force for a given XAN concentration. For the samples analyzed during centrifugation, tc increased approximately exponentially with increasing C for C > 0.1 wt%. We note that tc was not simply proportional to the centrifugal force as would have been expected for suspensions of non-interacting colloids. At 1 g, we found a steep increase of tc with increasing XAN concentration for E75, whereas for E25 it increased weakly up to C = 0.08 wt% followed by a very sharp rise. Chapter 3. Utilization of xanthan to stabilize water in water emulsions and modulate their viscosity 78

Effect of xanthan on the morphology

The effect of XAN on the morphology of the emulsions during aging was studied using CLSM. Images of fresh E25 showed that the droplet size decreased from on average 36 µm without XAN to 17 µm at C ≥ 0.1 wt%, see A similar observation can be found for E75, average droplet size decreased with increasing XAN concentration from 30 µm to 20 µm. E75 contained PEO droplets in a continuous DEX phase that creamed, see Figure 3.12. Therefore, we could not observe the growth of droplets in the acrylic wells microplates, but only a decrease in the number of droplets.

A strong decrease in the number of droplets was observed after 1h, 5h, 2 d, and 5 d for C = 0, 0.05, 0.08, 0.1 wt%. At higher XAN concentrations, no significant change in the morphology was seen after 7 days. It appears that the addition of XAN has a stronger stabilizing effect when the continuous phase is DEX than when it is PEO. This was unexpected since the viscosity of the pure DEX phase was lower than that of the pure PEO phase. The effect of adding XAN on the evolution of the morphology of E50 is illustrated in 

Effect of xanthan on the viscosity

The viscosity was determined as a function of the shear rate (10 3 s -1 to 0.01 s -1 ) for the PEO and DEX phases as well as for the emulsions (Figure 3.14) by rheological measurements.

For all samples, the viscosity at low shear rates increased strongly with increasing XAN concentration. However, the effect of adding XAN was relatively small at high shear rates, because the effect of shear-thinning increased with increasing XAN concentration. In all cases, 0.1 increased initially strongly with increasing XAN concentration, but the relative increase was weaker than in pure water. The increase of 0.1 flattened off for C > 0.1 wt%, when the shear-thinning effect on 0.1 became significant. In the absence of XAN, the viscosity of the DEX phase was lower than that of the PEO phase. On the other hand, the viscosity of the emulsions was higher than that of the continuous phase as discussed in detail elsewhere 1 . Remarkably, in the presence of XAN, the viscosity of E25 was smaller than that of the pure PEO phase until C = 0.2 wt%, whereas that of E75 was larger than that of the pure DEX phase. This observation can be explained by the partitioning of XAN towards the DEX phase, leading to an effectively higher XAN concentration in the DEX phase and a lower concentration in the PEO phase. We confirmed the partitioning of XAN by measuring the viscosity of the pure phases after complete phase separation. For C > 0.2 wt%, the effect of partitioning was no longer important, and all systems had approximately the same viscosity. The viscosity of E50 was intermediate and close to that of the pure PEO phase 

Influence of shear flow on the morphology

The influence of applying a linear shear flow on the microstructure of the emulsion was investigated with CLSM combined with a shear cell. Elsewhere, people showed that applying strong shear to these emulsions in the absence of XAN leads to the formation of thin strands of the dispersed phase 1 . After ending the shear, the strands break up and relax into small spherical droplets. A similar process was observed for E25 in the presence of XAN (Figure 3.16). For E25 in the absence of XAN, spherical DEX droplets were recovered a few seconds after stopping the shear, but even at C = 0.5 wt% the strands remained visible for minutes and the droplets

had not yet relaxed to their spherical shape after 4 h. The only effect of XAN was that it slowed down the process. This effect was not observed for E25 and E75, which had a similar morphology everywhere in the layer after applying strong linear shear. We did not investigate the complex behaviour of E50 under shear in more detail, but it is clear that the sheared emulsions are Chapter 3. Utilization of xanthan to stabilize water in water emulsions and modulate their viscosity heterogeneous on length scales not very small compared to the gap thickness used in rheology measurements. It is also obvious that the morphology evolved over times much longer than that of the rheology measurements. Therefore, we checked whether the gap thickness influenced the measured viscosity and the effect of time on the low shear viscosity (Figure 3. 19). No significant effect of the gap thickness was found. The viscosity at 0.1 s -1 just after shearing at 10 3 s -1 initially increased weakly for E25 and E50 and reached a steady-state value after one or two minutes, after which it remained stable for at least two hours. For E75, the viscosity increased to a maximum and then decreased irregularly on a logarithmic time scale, but the total variation of the viscosity was less than by a factor of two. These results show that the viscosity of the emulsions was not very sensitive to large-scale heterogeneities and changes in the morphology, probably because the viscosity of the two phases was not very different. In addition, the interfacial tension between the two aqueous phases is very low and therefore does not contribute much to the viscosity. Clearly, the stability procured by XAN depends on the viscosity of the continuous phase.

Contrary to O/W emulsions, XAN may partition between the two phases. Therefore, the efficacy depends on how the XAN partitions between the two phases. We found that XAN preferred the DEX phase, which led to a substantially different XAN concentration in the two phases at lower XAN concentrations. Consequently, the viscosity of emulsions with a continuous DEX phase (E75) increased more strongly with increasing XAN concentrations than that of the inverse emulsion (E25). It explains why the effect of XAN on the stability of emulsions under gravity, as characterized by the increase of tc, was more important for E75 than for E25.

Chapter 3. Utilization of xanthan to stabilize water in water emulsions and modulate their viscosity 90 However, tc increased by more than an order of magnitude for E25 between C = 0.08 and 0.09 wt% and at C = 0.1 wt% it was larger than for E75. This dramatic increase in stability for E25 was unexpected and cannot be explained by the slight increase of the viscosity, which was lower than for E75 (see Figure 3.15). This finding suggests that the stability was caused in this case by adsorption of the XAN chains at the droplet interface, forming a protective layer that inhibits coalescence. As mentioned in the first chapter, the possibility of stabilizing W/W emulsions by adding charged polysaccharides has recently been demonstrated for chitosan, diethyl aminoethyl dextran, and propylene glycol alginate 3 . However, polysaccharides that stabilize PEO droplets in a continuous DEX phase do not necessarily stabilize DEX droplets in a continuous PEO phase. Apparently, this is the case here for XAN, which likely adsorbed at the interface for all emulsions, but had a stabilizing effect only for E25.

In order to confirm this hypothesis, we investigated the effect by adding salt. After adding 0.1 M NaCl, the evolution of the profiles at 0.1 wt% was rapid and similar to that at 0.08 wt% in the absence of salt (Figure 3.20). This cannot be explained by the effect of salt on the viscosity, which was only about 30 % lower than in the absence of salt (Figure 3.21). These results show that XAN does not form a stabilizing layer in the presence of salt. Therefore, to stabilize E25 in the presence of salt, higher concentrations of XAN are required. A steep increase of tc was also observed at 100 g for E25 between C = 0.15 wt% and C = 0.2 wt%, but not at higher centrifugation rates. This effect of the centrifugal force on the stability can be explained by the fact that at higher shear rates, sedimentation of the DEX droplets is more important than coalescence.
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b. Destabilization time

We may compare the experimentally observed destabilization times for E25 and E75 with those expected for a dispersion of spherical droplets. In that case, tc reflects the time needed for droplets to sediment or cream by half the height of the tube. The sedimentation or creaming velocity () of dilute spherical droplets with radius (R) moving through an incompressible fluid with viscosity (𝜂) is:

𝜈 = × 𝑅² × × (Eq. 1)
where 𝛥𝜌 is the difference in the density between PEO and DEX phases (𝛥𝜌 =72.5 kg/m 3 ) and g is the centrifugal force. In the calculation, one needs to consider the effective viscosity felt by the droplets, which may be less than the zero-shear viscosity if the continuous phase is shearthinning. When the droplets travel through a fluid, they exert shear stress on the fluid around the droplets. If we ignore the drag and consider that the droplets influence the fluid within a distance equal to approximately the radius of droplets, the effective shear rate is:

γ (Eq. 2)
combining Eq. 1 and 2 and using γ̇ = , the effective shear stress exerted by a droplet during sedimentation or creaming is:

𝜎 = × 𝑅 × ∆𝜌 × 𝑔 (Eq. 3)
In the calculation of , we have used the average droplet radius measured with CLSM immediately after preparation. The viscosity used is the value at the effective shear stress calculated from Eq. 3. The viscosity as a function of the shear stress is shown in Figure 3.22.

Unfortunately, the viscosity could not be measured at the required shear stress for the higher XAN concentrations at 1 g and 100 g. Chapter 3. Utilization of xanthan to stabilize water in water emulsions and modulate their viscosity 94 It is of interest to compare the effect on the stability of increasing the viscosity by adding XAN to that of adding particles that inhibit coalescence. In E75 or in the presence of salt, XAN does not inhibit coalescence of colliding droplets, but only slows down the movement of dispersed droplets. In this manner, XAN slows down not only coalescence but also sedimentation and creaming, which the addition of particles generally does not do. Importantly, the effect of adding XAN does not rely on the specific properties of the W/W emulsion and should be effective for all W/W emulsions as long as XAN is thermodynamically compatible with, at least, the continuous phase. Of course, adding XAN increases the zero-shear viscosity, which may be an issue for applications. However, the strong shear-thinning effect still allows the emulsions to flow easily.

Conclusion

W/W emulsions consisting of spherical droplets of one aqueous phase dispersed in the other phase can be efficiently stabilized for at least one week by adding small amounts (0.15 wt%) of XAN. When the phase volumes are equal, irregularly shaped domains of each phase are interpenetrated. This morphology could be maintained for at least a week by adding 0.3 wt% XAN. Adding XAN leads to an increase of the zero-shear viscosity and renders the emulsions strongly shear-thinning. The zero-shear viscosity of the emulsion is higher when XAN dissolves preferentially in the continuous phase. There are indications that for emulsions of DEX droplets dispersed in a continuous PEO phase, XAN had an additional stabilizing effect by forming a protective layer at the droplet surface.

XAN can be used as an efficient stabilizer in other W/W emulsions, as long as it is compatible with at least one of the emulsion phase, which provides the possibility to apply in the emulsion made by tPEO. The relative investigation will be presented in Chapter 5.

Chapter 4. Exploiting multiple phase separation to stabilize water-in-water emulsions and form complex morphologies

Recent studies in the literature 1, 2 showed the possibility of generating complex microstructures using aqueous multiple phase separation. For the purpose of this PhD, which is to build a porous hydrogel platform, it could be interesting to have compartmentalization. In this chapter, a three-phase model system formed by gelatin, dextran and polyethylene oxide was investigated. First, the effect of the pH on the microstructure will be presented and related to the effect on the interfacial tensions. Then it will be shown how one particular type of microstructure can be used to form stable gelatin microcapsules by fine-tuning the pH and subsequent cooling to jellify the gelatin.
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Influence of pH on morphology

In the three-phase system of gelatin (GEL), dextran (DEX) and polyethylene oxide (PEO), only GEL is charged, its compatibility with PEO can be modified by varying the pH. In this section we discuss the morphology of the emulsions at different pH.

a. Morphology of emulsions at different pH with fish gelatin

Gelatin from cold water fish skin (GelF) does not form a gel in an aqueous solution at room temperature, making it easier to study the morphology of the emulsions with liquid PEO, DEX and GelF phases. Mixtures containing 10 wt% PEO, 2.6 wt% DEX and 4 wt% GelF separated at pH 7 into PEO, DEX and GelF rich phases with volume fractions of 80%, 10%, and 10%, respectively. 

b. Contact angles of the three phases at different pH

The angles () that each phase made with the two other phases were determined in the same manner as explained elsewhere 2,3 , for more details, see Chapter 2. The calculated angles of each phase are plotted as a function of the pH in Figure 4.2. They were approximately constant between pH 5 and 9, but  increased sharply to 180° for the PEO and DEX phases at low and high pH and decreased sharply to 0° for the GelF phase. This pH dependence can be understood by the fact that the GelF and PEO phases started to mix at low and high pH, which strongly reduced the interfacial tension between GelF and PEO (GP). In a narrow pH range, GP was sufficiently small so that DP > GD + GP, which is the condition that is required to form a continuous layer of the GelF phase around the droplets of the DEX phase as was explained in Chapter 2. The effect of pH on the phase volumes was investigated by centrifuging at 30 g until complete phase separation. The relative phase volume of the DEX phase did not depend significantly on pH, but the GelF phase volume decreased below pH 6 and above pH 9, see The relationship between the charge density of GEL and pH was determined by titrating a neat GEL solution with NaOH or HCl. A strong pH dependence on the amount of added HCl or NaOH was observed between pH 5 and 9 with a weaker dependence at lower and higher pH.

The inflection point was situated at pH  7, which we consider to be the pH at which the net charge of the GEL is close to zero. In this manner, the number of charges per gram of gelatin at each pH could be calculated from the amount of HCl or NaOH per gram of gelatin that was needed to reach this pH neglecting the tiny amount needed to change pH itself. Figure 4.5

shows the number of charged groups per gram GEL as a function of pH, which was found to be the same for GelB and GelF within the experimental error. 

b. Gelation of the bovine GEL layer

It is well known that aqueous solutions of GEL form gels when cooled and become liquid again when heated 4 . This is illustrated in increased sharply starting at C  1 wt% and more slowly for C > 5 wt%. Trials showed that gels were also formed at temperatures up to 25°C, but the kinetics became increasingly slower with increasing temperature. Three emulsions: D = 1 and D = 1.5 and 2 were prepared. Figure 4.9 shows the absorption spectra after turbidity compensation; the extinction coefficient of GEL was found to be ε = 0.078 g -1 .l.cm -1 , as mentioned in Chapter 2. The concentration of GEL was found to be 2.03, 1.48 and 1.15 wt% for D = 1, 1.5 and 2, respectively, which corresponded to ≈ 55 % of the total GEL in the system. The presence of this relatively large fraction of GEL in the PEO phase can be explained by the high molar mass dispersity of the GEL, with the smaller GEL chains remaining solubilized in the PEO phase. The residual GEL in the continuous PEO phase always caused the emulsions to form weak gels at 10°C (Figure 4.10), with the dispersed droplets trapped in the GEL network, which inhibited their sedimentation. The weak GEL network could be easily broken by applying a shear force resulting in a viscous liquid. Figure 4.11 shows the viscosity as a function of the shear rate of the emulsions at 10°C. During the first increase of the shear rate, the GEL network is broken, which explains the maximum of the apparent viscosity at low shear rates. Repeated shear ramps did not show this maximum, because the network does not recover rapidly at 20°C. As might be expected, the dynamic viscosity decreased when the system was diluted so that the continuous phase contained less PEO and GEL. A more detailed investigation of the shear rate dependence of the viscosity of W/W emulsions has been addressed in the literature 5 . However, the GEL layer was found to be quite resistant to shear, as the droplets were hardly deformed and remained well covered with the GEL layer. After stirring the emulsions with a magnetic stirrer at rates up to 1000 rpm the GEL layer resisted showing only small deformations at the highest stirring rates.

It is clear that the GEL layer covering the DEX droplets becomes a gel after cooling to 10°C. The emulsions that had been cooled for 1 h in a refrigerator at 8 -9°C were found to be stable for at least one week at 20°C except the one at D = 3, in which case large DEX domains were formed together with aggregates of deformed GEL layers (Figure . 4.6).

d. Effect of dilution after gelation

Because of the rapid gelation of the PEO phase discussed in the previous section and the high viscosity, the emulsion at D = 1 was difficult to manipulate. Therefore, we investigated the emulsion prepared at D = 1.5 (morphology see Figure ), but the GEL layer resisted when the dilution was done after cooling. In fact, the GEL layer resisted even after dilution by a factor 6, i.e., when DEX and PEO no longer phase separated 6 .

No coalescence was observed, but in a few instances the droplets associated without the GEL layer being broken. The droplets appeared to swell after dilution (see D = 6 in Figure.4.12), and the GEL layer became thicker, which we attribute to the decreased osmotic pressure of the PEO phase after dilution. The diluted emulsions were stable for a period of at least one week, but slow sedimentation of droplets occurred, indicating that the residual GEL in the continuous phase was no longer capable of forming a network that could trap the droplets.

As was mentioned above, DEX is miscible with PEO at D = 6 6 . In order to check whether the DEX remained trapped in the droplets, a small amount of fluorescently labeled FITC-DEX was added with the same molar mass. Earlier it has been reported that stable protein microcapsules can be formed also using oil in water emulsions 7,8 . In these cases, the proteins form a layer at the oil/water interface that is subsequently crosslinked to form a gel. Here we proposed an alternative route to form microcapsules in fully aqueous systems without the need to remove an oil phase, which may be difficult. In addition, the thickness of the GEL layer can be easily controlled. The GEL microcapsules melt at high temperatures (> 30°C), which may be useful for certain applications.

However, stability at higher temperatures can potentially be obtained by enzymatic crosslinking of GEL with transglutaminase. 

Generalization to other systems

The method to stabilize W/W emulsions and form stable capsules was demonstrated here for a particular system for which we exploited the fact that the GEL phase forms a gel upon cooling. Emulsions with a continuous GEL layer surrounding the dispersed droplets could only be formed close to pH 4 and 10. However, once the emulsions formed at pH 10 were stabilized by cooling, the pH could be lowered by adding dropwise a concentrated solution of HCl while stirring. In this manner, emulsions and microcapsules that were stable for at least one week could be formed at pH 7, see In principle, any W/W emulsion can be stabilized by GEL in this manner as long as the followed condition is fulfilled, i.e., the interfacial tension between the dispersed phase and the continuous phase needs to be larger than the sum of the interfacial tensions with the GEL phase.

To test the universality of the method, we have investigated a fully food-grade W/W emulsion formed by mixing amylopectin (AMP) and xyloglucan (XYL). Emulsions prepared with 6 wt% AMP, 0.48 wt% XYL and 1.75 wt% GEL phase separated into AMP, XYL and GEL rich phases with volume fractions of 68 %, 14 %, and 18 %, respectively. In this case, dispersed droplets of the XYL phase were covered with a layer of GEL phase at pH  7.5. The emulsion was stable for at least a week and resisted dilution below the binodal of AMP and XYL, see Notice that small domains of GEL phase were also formed during cooling within the XYL and AMP phases for this system. 

Conclusion

In this study, we showed that the association between dispersed DEX and GEL phases in a continuous PEO phase is determined by the relative interfacial tensions between the phases and can be varied by varying pH. Importantly, by fine-tuning pH close to 4 or 10, a continuous GEL layer can completely cover the dextran droplets. The GEL layer can be jellified by cooling below 22°C, making the emulsions stable against agitation and dilution. Excess GEL in the continuous phase can form a very weak gel that inhibits sedimentation of the droplets, but the emulsion still flows easily when weak stresses are applied. The GEL microcapsules are stable after dilution even when PEO and DEX are no longer incompatible, in which case it was found that dextran was released into the continuous medium over a period of hours. The microcapsules are also stable to changes in pH made by adding acid or base while stirring. The permeability of the microcapsules provides the possibility to be used as molecular carriers.

The method demonstrated here can be generalized using any W/W emulsion with a third phase that covers the dispersed droplets and that can be jellified. The formation of GEL microcapsules provides the possibility for encapsulation and controlled release applications.

These findings provide the possibility to generate hydrogels with complex porosity using multiphase aqueous system by increasing the concentration of the third phase. The application in the hydrogel of tPEO will be presented in Chapter 5.

Chapter 5. Platform of multiphasic macroporous hydrogel with tunable morphology

In previous chapters, two general methods to stabilize multiple aqueous phase systems with different microstructures were presented. In this chapter, the production of porous hydrogels using biphasic and triphasic systems will be explained. First, biphasic hydrogels made by mixing gelatin that forms the dispersed phase to create porosity and tPEO that forms the hydrogel matrix will be presented. Xanthan was added to help stabilizing certain compositions. The physical chemical properties will be discussed in detail. In the second part of this chapter, different morphologies in a three-phase system formed by dextran, gelatin and tPEO will be showcased. polymer depends on the type of GEL and pH; there is always more GelF in the tPEO phase than the quantity given by the binodal due to the dispersity of GelF. Below, we will discuss in more details the effect of GelF in the tPEO phase on the mechanical properties of the hydrogels. In the following, we will focus on the mixtures shown in Figure 5.1, where the tPEO phase contains 6 wt% tPEO and forms the continuous phase. and Table 5.1). The slow coarsening is due to the high viscosity of the continuous tPEO phase (18 Pa.s). The time evolution of sample G25 was more important. The relaxation of the biggest deformed droplets to the spherical shape was accompanied by rapid fusion of neighboring droplets. After this initial stage, the resulting spherical droplets with diameters varying between 10 and 100 µm also increased slowly in size with time. At G30, polydisperse and irregularshaped domains grew faster by rapid coalescence and macroscopic phase separation was observed after 1h. Mixtures at even higher GelF phase volume fractions formed interconnected domains that destabilized quickly (phase separation became macroscopic in less than 30 minutes). 

3) Stabilization of the co-continuous morphology by xanthan

As shown above, co-continuous morphology was obtained for GelF volume fractions of 35 to 50 v%, which evolved very rapidly and macroscopically phase separated within a few minutes for the highest GelF concentrations. We showed in Chapter 3 that xanthan (XAN, a natural polysaccharide of bacterial origin) was able to stabilize water-in-water emulsion when it is compatible with at least one constituent of the emulsion. The thickening effect of xanthan was shown to slow down the macroscopic phase separation and provide a stable co-continuous microstructure of PEO/dextran emulsion (see Chapter 3).
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In order to establish the partition of XAN between the GelF and tPEO phases, 0.09 wt% and 0.18 wt% of XAN were added to emulsions G45. The emulsions were centrifuged to obtain complete macroscopic phase separation. The concentration of XAN in the GelF phase was determined by comparing its viscosity with that of independently prepared solutions at the same concentration as the GelF phase (5.3 wt%) and different quantities of XAN. As shown in Figure 5.6, the viscosity of the GelF phase increased due to the presence of XAN and was the same as that of GelF solutions containing 0.2 wt% and 0.4 wt% XAN, implying that almost all XAN partitioned to the GelF phase. The evolution of the morphology of the emulsions with XAN was followed for a period of 3h (Figure 5.7 (a)). Destabilization of the emulsion with 0.09 wt% XAN was slower than that without XAN, but large scale coarsening was visible after 1 h. In the presence of 0.18 wt% XAN, coarsening was further slowed down and the co-continuous morphology could be kept for at least 3 h. In order to better illustrate the interconnected structure, orthogonal views of the microstructure perpendicular to the plane of observation were obtained by combining images at different depths, see c. Photopolymerized biphasic hydrogels

1) Morphology of photopolymerized porous hydrogels

The effect of photo-crosslinking morphologies on the morphology was checked by CLSM (Figure 5.8). No significant difference in the morphologies was observed which means that the chemical cross-linking of the tPEO phase simply freezes-in the system. Below 25 v%, liquid pockets of GelF were trapped in the solid tPEO hydrogel matrix, but at higher volume fractions when the GelF phase was interconnected, the GelF partially flowed out of the hydrogel.

The leakage could be inhibited by adding XAN and self-standing hydrogels were formed retaining their initial shape even when the GelF phase occupied 45 v% (Figure 5.9). Chapter 5. Platform of multiphasic macroporous hydrogel with tunable morphology

2) Mechanical properties of photopolymerized hydrogels with fish gelatin

Fast gelation and appropriate mechanical properties are crucial parameters for potential biomedical applications of hydrogels. The biphasic tPEO/GelF mixtures were thus photopolymerized for generating stable covalently cross-linked hydrogels. The kinetics of covalent hydrogel formation was followed in situ on the rheometer, which showed a very rapid increase of G′ upon irradiation in the sample of tPEO, with a gel time of about 15 s (Figure 5.10 (a)). Unfortunately, in the presence of GelF, photo-crosslinking could not accurately be followed due to the migration of GelF to the interface of geometry, which led to nonreproducible results because of sample slipping (Figure 5.10 (b)). The non-linear mechanical properties of the hydrogels were characterized by strain and true stress at fracture. Figure 5.13 compare the effect of gelatin on the strain (f) and stress (f) at fracture of the hydrogels. Increasing the fraction of GelF led to an increase of f from 55%

for pure tPEO gels to more than 85% for GelF > 30 v%. This could be perhaps explained by the presence of liquid inclusions where the fracture energy is dissipated. The presence of XAN has a negligible effect on the behavior at fracture. However, the rupture is a complicated physical procedure, more experiments are required, here we just have a qualitative discussion. 

3) Rheological properties of photopolymerized hydrogels with beef gelatin

The rheological properties of the biphasic hydrogel were investigated for biphasic mixtures formed by tPEO and GelB. It was shown above that morphologies of gels with GelB were close to those with GelF (Figure 5.3), but did not evolve at longer times at room temperature, because the GelB domains gelled. The issue mentioned in Figure . 5.10 could be resolved. GelB and tPEO solutions were mixed at 40°C and then cooled down below 10°C for 30 min to allow the GelB phase to form a strong gel. The emulsion was subsequently loaded onto the rheometer and measurements were made at room temperature. Note that the gel formed upon cooling was broken during injection, so we measured the suspension of microgels. In order to investigate the influence of the GelB gelation on the modulus of hydrogels, the gels were heated to 40 °C so as to melt the GelB and subsequently cooled down to 10 °C to gel it again. The evolution of G' with temperature is shown in Figure 5.15. G' of the pure tPEO gel slightly increased after heating and decreased after cooling. GelB10 showed similar behavior as pure tPEO, showing that the effect of melting and gelling of GelB was weak at this volume fraction. However, when GelB occupied more volume (GelB25 and GelB40) G' decreased after heating and increased after cooling, which means that melting of the GelB domains had significant influence on the rheological properties of these gels. As expected, the effect was stronger at higher volume fraction. Note that after cooling to 10°C, G' increased to higher values than the loaded gels at 20°C for GelB25 and GelB40. the numbers indicate the experiment order that the sample was firstly heated to 40°C then cooled down to 10°C, and these conditions are the same for all the samples.

The storage moduli after heating and cooling are compared with those at 20°C in Figure.

5.14 (d). The effect of melting the GelB domains by heating was relatively small for GelB10 and GelB25, but for GelB40 it caused strong decrease of G'. This can be explained by the fact that for GelB10 and GelB25, the GelB phase was dispersed as isolated domains in a relatively strong continuous tPEO network, whereas in GelB40 the phases were co-continuous.

Remarkably, after cooling to 10°C for a few hours, G' was systematically about 20% higher implying that stronger GelB gels formed at 10°C contributed significantly to the gel stiffness. We also compared the evolution of G' with the two theoretical models that have been presented in the previous part. Results predicted by the two models are compared to the experimental results at 10°C (blue dash-dot-dotted and dotted line) and at 40 °C (red filled and dashed line) in Figure. 5.14 (d). We used G' = 2 kPa for the GelB phase, which was measured for the pure GelB phase, at 10°C and we assumed G'~0 kPa at 40°C. For the tPEO phase we used G' = 11.5 kPa, which was measured for the pure tPEO phase. For the systems studied here we find that the experimental results are intermediate between the predictions of the two models, but most systems were closer to the predictions of the iso-strain model, which was in agreement with the results obtained by compression test.

d. Degradability

Degradation is an important aspect to consider for a cell-loaded hydrogel matrix. The degradability of the biphasic hydrogels was studied under physiological conditions. The swelling and degradation kinetics of tPEO and G25 hydrogels in a PBS solution with 0.05 wt% and without liver porcine esterase at 37 °C were studied during 2 months by measuring regularly the mass of the gels. No significant change in mass was observed implying that the gels barely swell and are very stable in PBS at 37 °C. They are also insensitive to enzymatic degradation with liver porcine esterase (Figure 5.16). 

tPEO hydrogels with triphasic morphology

Porosity and morphology are crucial parameters for hydrogels in biomedical applications 5 . In Chapter 4, it was described how for three phase systems formed by PEO, DEX and GEL the morphology can be tuned by adjusting the pH, which provides an interesting way to generate hydrogels with complex microstructures. A particular morphology is obtained where the GEL phase wets the dispersed DEX droplets. Such a morphology could be of interest if one wants to separate the DEX phase from the PEO phase. The objective of this section was therefore to explore if this morphology could also be obtained for a hydrogel based on tPEO.

For this study a new batch of tPEO was synthesized. The new tPEO sample was less hydrophobic and more compatible with DEX and GEL. 5.17). As expected, the GEL layer became thicker with increasing volume fraction of the GEL phase. At GEL = 25 v% large domains of GEL phase containing several DEX droplets were obtained. Noted that the volume fraction of GEL phase in the emulsion did not increase proportionally with the initial quantity of GEL due to the partial dissolution of GEL into the DEX phase. Chapter 5. Platform of multiphasic macroporous hydrogel with tunable morphology

a. Effect of pH

c. Mechanical properties of triphasic hydrogel

As expected, the core-shell structure was achieved in the hydrogel of tPEO by adjusting the pH. The mechanical property is a crucial parameter for porous hydrogels, which was investigated for the hydrogel with a core-shell morphology. As shown for biphasic hydrogels, after adding LAP and applying visible light (=405 nm), the tPEO matrix could rapidly be photopolymerized (within 2 minutes), leading to a self-standing hydrogel. 

Conclusion

Multiphasic hydrogels with tunable morphologies can be formed by mixing biopolymer solutions and a solution of copolymer based on PEO bearing photopolymerizable hydrophobic endgroups (tPEO). The latter forms a transient network that can be covalently crosslinked by photopolymerization. In a biphasic system, the dispersed phase forms droplets in the tPEO matrix with diameters between 10 and 100 µm or large interconnected domains depending on the volume fraction. "Core-shell" structure can be formed by mixing two incompatible polymer solutions with tPEO. The microstructure can be frozen by irradiation and is not modified by the process. These hydrogels present an elastic modulus varying between 1 and 10 kPa, which is of the same order of magnitude as the majority of living tissues. Considering also that these gels are biocompatible and do not swell or degrade, they have great potential to be used as a platform for cell encapsulation applications. and the encapsulation of dispersed dextran droplets by a gelatin layer that was found in the liquid W/W/ emulsions could also be realized in the triphasic hydrogel.

Investigations of the viability of cells embedded in the porous hydrogels are currently being tested in collaboration with biologists. Preliminary results with hepatocyte-like cells showed that the biphasic hydrogels are biocompatible with a satisfactory cell viability and in vivo tests showed that the hydrogel didn't cause inflammatory reaction. The possibility of being used as a material for therapeutic applications will need further investigation. Moreover, the tPEO matrix shows non-swelling properties, which are desirable for applications. However, tPEO is non-degradable, but this feature could be reached by modifying polymer structure.

The mechanical properties of triphasic hydrogels still need to be investigated and compared with biphasic hydrogels. The gelatin microcapsules can be enzymatically crosslinked, leading to formation of stable capsules at higher temperature. Their potential for controlled release of hydrophilic molecules needs to be explored in future studies. The principle of tuning three-phase morphologies by pH should be applied to other systems in order to generalize and deepen the findings on the system studied in during this Ph.D.

Nothing is impossible to a willing heart.

Vouloir, c'est pouvoir. Abstract : Hydrogels are polymer networks containing a large fraction of water. They are very interesting for biomedical applications (drug delivery, cell therapy or tissue engineering) because their mechanical properties are close to those of the living tissue. Hydrogels are inherently porous but the pore size is very small (a few tens of nanometers). As the pore size is important for many applications, generating micrometric (macroporous) pores becomes necessary. In the literature, people have put forward different methods to generate macroporosity in hydrogels, among these strategies, generating porosity by phase separation is a promising and convenient way. Phase separation is a phenomenon that occurs between two incompatible liquids, such as oil and water, but it can also occur in a fully aqueous medium when two incompatible polymer solutions are mixed so that water in water emulsions are formed. The absence of an organic phase makes W/W emulsions very interesting for medical applications. The current work aims at creating porous hydrogels with different morphologies by water/water phase separation for cell encapsulation. For medical applications, it is necessary that the ingredients are biocompatible. The polymer chosen to construct the hydrogel matrix is a triblock copolymer based on poly(ethylene oxide) (PEO) bearing polymerizable hydrophobic blocks (tPEO) which has been shown to be biocompatible. Dextran and gelatin are chosen to induce phase separation.

贪安稳就没有自由

As the emulsions are thermodynamically unstable, we tested the possibility of stabilizing them by adding xanthan (polysaccharide) which is widely used to stabilize water/oil emulsions. However, it can dissolve in both phases of the water/water emulsion. We investigated the effect of xanthan on the stability and the rheological properties of the water/water emulsion. Then, we constructed porous hydrogels from a water/water emulsion composed of tPEO and gelatin, and systematically studied the morphologies and mechanical properties of these hydrogels. The second part of this work was to explore more complex morphologies using a triphasic system. First we studied a model system consisting of PEO/dextran/gelatin and discovered that morphology could be controlled by the pH. Under certain conditions, the gelatin phase covers the dispersed phase of dextran, which makes it possible, after gelatin has gelled upon cooling, to form stable microcapsules. Finally, the principle of controlling morphology by pH has been applied to the design of triphasic hydrogels, with various morphologies, based on tPEO/dextran/gelatin.
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 1181 Fig. 1.1 Examples of applications of hydrogels. 8

Fig. 1 . 2

 12 Fig. 1.2 Schematic representation of the aggregation of associating polymers with different topologies: (A) diblock copolymer (hydrophilic in blue and hydrophobic in red) and triblock copolymer with a central hydrophobic block; (B) triblock copolymer with a central hydrophilic block; (C) multi-sticker copolymer.[START_REF] Chassenieux | Rheology of associative polymer solutions[END_REF] 

Fig. 1 . 4

 14 Fig. 1.4 Chemical structures and cleavage of the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).[START_REF] Fairbanks | Photoinitiated polymerization of PEG-diacrylate with lithium phenyl-2,4,6-trimethylbenzoylphosphinate: polymerization rate and cytocompatibility[END_REF] 

Fig. 1 .

 1 Fig. 1.6 (a) CLSM images of the biphasic hydrogels formed by tPEO 2 wt% and dextran at different concentrations as indicated in the images. The tPEO was fluorescently labeled (in red color). (b) Dependence of the elastic modulus on the homopolymer concentration for crosslinked hydrogels formed by mixtures of tPEO at 2 wt% with dextran () or PEO ().[START_REF] Klymenko | Formation of porous hydrogels by self-assembly of photo-cross-linkable triblock copolymers in the presence of homopolymers[END_REF] 

Chapter 1 .Fig. 1 . 7

 117 Fig. 1.7 Typical phase diagrams of (a) gelatin/maltodextrin 62 with microscope images of different morphologies obtained at different compositions and (b) amylopectin/pullulan 63 .

Fig. 1 . 8

 18 Fig. 1.8 Schematic representation of contact angle of the particle at the interface of A/B: θ > 90° with phase B, particle prefers to phase A; θ < 90° with phase B, particle prefers to phase B; θ = 90°, the particle has the same affinity with the two phases.

Chapter 1 .Fig. 1 .

 11 Fig. 1.9 (a) CLSM image of gelatin (GEL), PEO dispersed in a continuous DEX phase. (b) CLSM image of amylopectin (AMP) droplets surrounded by the DEX phase dispersed in PEO continuous phase. Rhodamine B was added to label GEL phase in image (a) and AMP phase in image (b), the excess goes to PEO in the two cases.[START_REF] Nicolai | Effect of the Interfacial Tension on Droplet Association in Aqueous Multiphase Systems[END_REF] 

Fig. 1 .

 1 Fig. 1.10 Evolution of viscosity with increasing shear rate for emulsions made by PEO and DEX at different volume fractions of the PEO phase as indicated in the figure. The solid and dashedlines represent fits to Eq. 1.11 and 1.12, respectively.[START_REF] Tea | Viscosity and Morphology of Water-in-Water Emulsions: The Effect of Different Biopolymer Stabilizers[END_REF] 

Fig. 1 . 81 Chapter 1 .

 1811 Fig. 1.11 CLSM images of emulsions at different phase volume fractions and at different shear rates as indicated in the figure. The dextran phase was labeled by Fluorescein isothiocyanate dextran (FITC-DEX, in white).[START_REF] Tea | Viscosity and Morphology of Water-in-Water Emulsions: The Effect of Different Biopolymer Stabilizers[END_REF] 

Fig. 1 .

 1 Fig. 1.12 Chemical structure of tPEO (6≤n≤10).

Fig. 1 . 85 Chapter 1 .Fig. 1 .

 18511 Fig. 1.13 Viscosity as function of the concentration of tPEO (DPn = 6) before (circle) and after(triangle) irradiation.[START_REF] Kadam | Structure and Rheology of Self-Assembled Telechelic Associative Polymers in Aqueous Solution before and after Photo-Cross-Linking[END_REF] 

Figure 1 .

 1 15 shows master curves of the frequency dependence of the shear moduli of tPEO (DPn = 6) before crosslinking. The master curve at 20 °C was obtained by time-temperature superposition of results acquired between 5 and 30 °C. The dashed lines represent the limiting behavior for liquids for which G' is proportional to ω 2 , and G" is proportional to ω. The master curve shows that the relaxation is characterized by a broad distribution of relaxation times due to the dispersity of the hydrophobic blocks. Nevertheless, a characteristic terminal relaxation time can be estimated from the cross point of the dashed line as 0.2 s at 20 °C.[START_REF] Kadam | Structure and Rheology of Self-Assembled Telechelic Associative Polymers in Aqueous Solution before and after Photo-Cross-Linking[END_REF] 

Fig. 1 .

 1 Fig. 1.15 Master curves of the frequency dependence of the shear moduli of an aqueous solution of PMEA6-b-PEO200-b-PMEA6 at C = 120 g/L before crosslinking.[START_REF] Kadam | Structure and Rheology of Self-Assembled Telechelic Associative Polymers in Aqueous Solution before and after Photo-Cross-Linking[END_REF] 

Fig. 1 .

 1 Fig. 1.16 (a) G' evolution with time during an in-situ irradiation for tPEO (DPn = 6) at different concentrations as indicated. The dashed line indicates when the irradiation was turned off. (b)

Figure. 2 . 1

 21 shows the comparison of the NMR spectra (in DMSO-d6) of PEO and Br-PEO-Br. The disappearance of the signal at 4.55 ppm corresponds to the disappearance of the two end -OH groups of poly (ethylene oxide). Two new signals at 1.9 ppm (labeled c and c') and at 4.25 ppm (labeled d) correspond to two -CH3 of the bromoisobutyrate group and to the -CH2-of the PEO unit adjacent to the ester group, respectively. The number average molar mass (Mn) and weight average molar mass (Mw) of the macroinitiator were determined using SEC in THF giving: Mn = 1.02 × 10 4 g/mol, Mw = 1.14 × 10 4 g/mol, corresponding to a dispersity Đ = 1.12.

Fig. 2 .

 2 Fig. 2.1 1 H NMR spectra of (a) PEO and (b) macroinitiator Br-PEO-Br

Fig. 2 .

 2 Fig. 2.2 1 H NMR spectra of tPEO precursor: PHEA7 -b -POE10K -b -PHEA7

Scheme 2 . 3

 23 Scheme 2.3 Esterification of -OH functions of PHEA blocks by methacryloyl chloride.

Fig. 2 .

 2 Fig. 2.3 1 H NMR spectrum of tPEO (PMEA8 -b -POE10K -b -PMEA8) (in DMSO-d6)

Fig. 2 . 4

 24 Fig. 2.4 SEC chromatogram of the polymer.

2 . 5 )

 25 to avoid differences in physical chemistry properties of different synthesis batches caused by slight differences in the DPn of hydrophobic blocks.The tPEO solution was stocked in the presence of 200 ppm of NaN3 as antibacterial agent.

Fig. 2 . 5

 25 Fig. 2.5 Evolution of viscosity with tPEO concentration

2 . 6 .

 26 Two syringes containing a certain quantity of each solution were interlocked. The solutions were mixed by pushing the solution from one syringe to the other 50 times until the mixture was homogeneously turbid. The photopolymerization of transient hydrogels was realized by irradiating the mixture under visible blue light irradiation (Bluephase© Curing light, Ivoclar Vivadent, Schaan, Liechtenstein;  = 385 -515 nm; Imax = 1200 mW/cm 2 ) for 5 minutes. Hydrogel samples for uniaxial compression tests were prepared by irradiation in a mold made of a head-cut syringe.

Fig. 2 . 6

 26 Fig. 2.6 Schematic representation of the preparation of biphasic hydrogel

Figure. 2 . 7 Fig. 2 . 7

 2727 Figure. 2.7 shows an example of a triphasic system of DEX (phase A)/AMP (phase B) droplets in continuous PEO phase (phase C) (Figure. 2.7 (a)), the contact angles were calculated using equations (Eq. 2.7-2.9):

Fig. 2 . 8

 28 Fig. 2.8 (a) UV-visible spectra of gelatin at C = 15 g/L before (dash line) and after (solid line) correction for the turbidity. (b) Calibration curve for GelB.

  2.9, parallel light beams at  = 470, 630 or 870 nm are passed through the sample cells and transmittance is recorded at a programmed time interval. Polycarbonate rectangular tubes were used with path length 2 mm and height 20 mm. LUMireader was used to measure the turbidity as a function of time under gravity using tubes with path length 10 mm and height 44 mm. Clearly, the initial sample transmittance in a tube of 10 mm is smaller than that in a tube of 2 mm. The transmittance of empty tubes (or filled with water) was about 90% at  = 870 nm.

Fig. 2 . 9

 29 Fig. 2.9 Schematic representation of LUMisizer measurement principle 11

Fig. 2 .

 2 Fig. 2.10 Transmission profiles at different times after preparation during centrifugation, as indicated in the figure. (a) Monodisperse silica particle suspension (500 nm, at 3.7 wt% or 2 v%); (b) Silica-latex particle suspension (50-150 nm, at 0.35 wt%), the data was provided by LUM GmbH company. (c) An example of PEO-in-Dex emulsion (25 v%) centrifuged at 2300g.

  phase (0.1 < d < 0.7 in Figure. 2.10 (c)), and plot the increase of average transmission in this range as a function of time (vertical arrow in Figure. 2.11), so-called "Integration". It is more adapted for the xanthan-stabilized emulsions and provides information about destabilization mechanism. In the presence of the stabilizer, it can give access to the resistance of the particle layer around the droplet against centrifugation.

Fig. 2 .

 2 Fig. 2.11 Schematic representation of two analyzing methods in an example of DEX (25 v%) in PEO in the presence of stablizer 12 . The horizontal arrows illustrate the shift with time of the fronts of the clear PEO and DEX layers at 70 % of the transmission. The vertical arrows illustrate the increase of transmittance with time at d = 0.5.

  e. Microscopic morphology observationConfocal Laser Scanning Microscopy (CLSM) is a versatile fluorescence-imaging tool that allows visualizing microstructures in situ in their 3D environment with high resolution.The concept of confocal microscopy was developed by Marvin Minsky during his post-doc at Harvard University in 1957 (patent: US69510757A•1957-11-07). Compared to classical optical microscopy, which detects the light transmitted or reflected through the whole thickness of the sample, confocal microscopy provides the possibility to focus on one thin layer of the sample.

1 )

 1 Confocal fluorescence microscopy CLSM measurements were done with a Zeiss LSM800 CLSM microscope (Carl Zeiss Microscopy GmbH, Germany). As shown in Figure. 2.14, confocal microscopes contain pinholes, objective lenses, a photomultiplier detector, a dichromatic mirror, a scanning mirror, filters for wavelength selection, and laser illumination. The basic principle of confocal fluorescence microscopy is that the illumination and detection optics focus on the same diffraction-limited point, which travels through the sample to build a complete image on the detector. It provides a way to reject out-of-focus light from the detector. The rejection of outof-focus light can be achieved by modifying pinholes aperture at both illumination and detection side in the same conjugate image plane as the specimen, making them "confocal". The collection of the image is realized point-by-point and even possible for 3D reconstruction of a sample from high-resolution stacks of images.

Fig. 2 .

 2 Fig. 2.14 Schematic representation of the composition and principal of CLSM 14

  Confocal microscopy allows visualizing and identifying structures by collecting the emitted light from the focal plane of the sample. It is necessary to have a fluorescent sample. In most cases, the sample itself is not fluorescent so that fluorescent chemical compounds, called fluorochromes, are needed. Fluorochromes are photo-reactive molecules that are capable of absorbing light energy of a specific wavelength and then emit rapidly (10 -10 -10 -7 s) light at longer wavelengths. Three fluorophores were used during this study, fluorescein isothiocyanate-dextran (FITC-Dex), Rhodamine B (RhodB) and Nile Red. Their excitation/emission spectra are shown in Figure. 2.15. We set the observation parameters according to the excitation/emission maxima. The DEX was visualized by adding 5 ppm of FITC-Dex, which was excited at 488 nm, and the fluorescence was detected between 480 and 700 nm. Notice that the fluorescein easily bleaches when subjected to high-intensity light, leading to a rapid decrease of its fluorescence, making it unsuitable for experiments of long durations.

Fig. 2 .

 2 Fig. 2.15 Excitation and emission spectra : (a) Fluorescein isocyanate 15 (b)Rhodamine B 16 and

2 . 3 . 4 . 1 .

 2341 For O/W emulsions, xanthan is commonly used as thickener. The presence of xanthan viscosifies the aqueous phase, which slows down phase separation. We applied the same concept to W/W emulsion stabilization. But, in that case, xanthan can partition in both phases. Therefore, we studied first the effect of xanthan on the stability and the rheological properties of a W/W model emulsion of dextran and polyethylene oxide. Chapter 3. Utilization of xanthan to stabilize water in water emulsions and modulate their viscosity 1. Effect of xanthan on the stabilization of DEX/PEO emulsions .............. a. Evolution under gravity ................................................................................................. b. Evolution during centrifugation .................................................................................... c. Quantitative comparison ............................................................................................... Effect of xanthan on the morphology ....................................................... Effect of xanthan on the viscosity ............................................................. Influence of shear flow on the morphology .............................................. 5. Discussion .................................................................................................... a. Effect of the phase volumes .......................................................................................... b. Destabilization time ....................................................................................................... Conclusion .......................................................................................................... References .......................................................................................................... Effect of xanthan on the stabilization of DEX/PEO emulsions W/W emulsions were prepared containing three different volume fractions of DEX phase ( = 0.25, 0.50 and 0.75). CLSM images of freshly prepared emulsions at different compositions have already been reported elsewhere 1 , see in Figure. 3.1. They show droplets of DEX phase in a continuous PEO phase at =0.25 (E25) and vice versa at =0.75 (E75). At =0.5 (E50), large domains of DEX phase containing PEO droplets and the inverse were observed in the same sample. We have assessed the effect of the xanthan (XAN) concentration (C) on the stability of the emulsions by measuring the evolution of the transmission as a function of the relative distance (d) from the bottom to the top of the sample.

Fig. 3 . 1 Figure 3 . 2

 3132 Fig. 3.1 CLSM images (255 × 255µm) obtained just after the mixing of DEX/PEO and PEO/DEX emulsions at different PEO phase volume fractions indicated in the figure. The labeled DEX phase is indicated in grey. 1

Fig. 3 . 2

 32 Fig. 3.2 Transmission profiles under gravity as a function of the relative distance from the bottom (right) to the top (left) of tube for E75 (a) without XAN and at (b) C = 0.05 wt%, (c) C=0.08 wt%, (d) C = 0.1 wt%, (e) C = 0.12 wt% and (f) C = 0.15 wt% of XAN obtained at different times after preparation as indicated on the right of the figure.
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Fig. 3 . 3

 33 Fig. 3.3 Transmission profiles under gravity for E25: (a) without XAN and with (b) C=0.05 wt% (c) C=0.08 wt% (d) C=0.085 wt% (e) C=0.09 wt% (f) C=0.1 wt% of XAN obtained at different times after preparation as indicated on the left of the figure.The evolution of the transmission profiles of E25 and E75 in the absence of XAN has already been discussed elsewhere 2 . It was

Fig. 3 . 4

 34 Fig. 3.4 Transmission profiles for E50 : (a) without XAN and at (b) C = 0.05 wt%, (c) C = 0.08 wt%, (d) C = 0.1 wt%, (e) C = 0.15 wt%, (f) C = 0.2 wt%, (g) C = 0.3 wt% and (h) C = 0.5 wt% of XAN obtained under gravity at different times after preparation as indicated on the left of the figure.

Fig. 3 . 5

 35 Fig. 3.5 Transmission profiles at 2300 g for E75 with: (a) without XAN and at (b) C = 0.05 wt%, (c) C = 0.1 wt%, (d) C = 0.15 wt%, (e) C = 0.2 wt%, (f) C = 0.3 wt% and (g) C = 0.5 wt% of XAN obtained at different times after preparation as indicated.

  The transmission profiles of E25 showed sedimentation of DEX droplets and formation of a clear DEX bottom phase (Figure3.6). Analogous to what was observed for E75, DEX droplets sedimented more slowly with increasing XAN concentration and more PEO droplets became trapped during the formation of the continuous DEX phase causing the latter to be less transparent.The evolution of the transmission profiles at 2300 g for E50 was qualitatively similar to E75 and E25 (Figure3.7). In the absence of XAN, two clear layers of equal thickness were rapidly formed. With increasing XAN concentration, the formation of the two distinct layers slowed down and the two layers contained more small trapped droplets of the other phase leaving them more turbid. Subsequent clarification of the two phases was a much slower process than the formation of two layers.

Fig. 3 . 6 Fig. 3 . 7

 3637 Fig. 3.6 Transmission profiles at 2300 g for E25 (a) without XAN and with (b) C = 0.05 wt%, (c) C = 0.1 wt%, (d) C = 0.15 wt%, (e) C = 0.2 wt%, (f) C = 0.3 wt% and (g) C = 0.5 wt% of XAN obtained at different times after preparation as indicated.

Figure 3 . 8 andFigure 3 . 9 ,

 3839 Figure 3.9, respectively.

Fig. 3 . 8 Fig. 3 . 9

 3839 Fig. 3.8 Evolution of the average transmission of the section of the tube where the continuous phase is situated at equilibrium as a function of XAN concentration as indicated in legend for E25 at (a) 2300 g (b) 1000 g (c) 100 g and (d) 1 g.

Fig. 3 .

 3 Fig. 3.10 Characteristic destabilization time of E75 (a) and E25 (b) as a function of the XAN concentration at different centrifugal force: () 2300G, () 1000G, () 100G and () 1G.

Figure 3 . 11 . 3 . 79 CFig. 3 .

 3113793 Fig. 3.11 CLSM images (255 × 255µm) of E25 containing different XAN concentrations at various times after preparation as indicated in the figure.

Chapter 3 . 3 . 81 CFig. 3 .

 33813 Fig. 3.12 CLSM images (255 × 255µm) of E75 containing different XAN concentrations at various times after preparation as indicated in the figure.

Figure 3 . 13 .Fig. 3 .Chapter 3 .

 31333 Figure 3.13.In most cases, fresh emulsions show large domains of one phase containing small droplets of the other phase. In the absence of XAN or at C = 0.05 wt%, large spherical PEO domains are seen. With increasing the XAN concentration, the domains formed by both phases are more deformed and more interpenetrated. During aging, the domains coalesced, but small droplets of the other phase remained trapped. The fraction of the DEX phase near the bottom increased as the DEX domains sedimented. After a week, only the DEX phase was observed at the bottom for C ≤ 0.15 wt%, but at higher concentrations, large domains of both phases could still be observed. Droplets of the other phase remain trapped in each phase for a very long time, and even at C = 0.05 wt% a few residual small PEO droplets were still observed within the DEX phase after 7 days.

Fig. 3 . 3 . 15 .

 3315 Fig. 3.14 Viscosity measurements for (a) E25, (b) E50 and (c) E75 at different XAN concentrations as indicated in the figure.

Fig. 3 .

 3 Fig. 3.15 Dependence of the viscosity at 0.1 s -1 on the concentration of XAN in pure water, in pure PEO and DEX phases and in the emulsions, as indicated in the figure.
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Fig. 3 .

 3 Fig. 3.16 CLSM images (638×638µm) of E25 at different XAN concentrations during shear at 𝛾̇ = 100 s -1 and at different times after stopping the shear as indicated in the figure.

Chapter 3 .Fig. 3 . 87 ForFig. 3 .

 33873 Fig. 3.17 CLSM images (638×638µm) of E75 at different XAN concentrations during shear at 𝛾̇ = 100 s -1 and at different times after cessation of the shear as indicated in the figure.

Fig. 3 .

 3 Fig.3.19 Viscosity at 0.1 s -1 as a function of time for (a)E25, (b)E75 and (c)E50 containing different concentrations of XAN as indicated in the figures. Plus-typed green symbols correspond the value of η0.1 in the Fig. 3.15. For E50, the effect of the gap width is shown (d) for two concentrations of XAN as indicated in (d).

Chapter 3 .

 3 Utilization of xanthan to stabilize water in water emulsions and modulate their viscosity5. Discussion a. Effect of the phase volumesThe W/W emulsions studied here with a dispersed volume fraction of 25 % showed no visible signs of phase separation within one week if more than 0.1 wt% XAN was added. The evolution of the transmission profiles showed that destabilization in the absence of XAN occurred by coalescence of the dispersed droplets followed by creaming or sedimentation of large droplets. Increasing the viscosity of the continuous phase slowed down the movement of the droplets and thereby reduced the rate of coalescence. In this manner, coalescence and sedimentation or creaming can be inhibited for a long time by adding relatively small quantities of XAN. CLSM images showed that the situation was different for emulsions with equal volume fractions of the two phases. In this case, the emulsions prepared by strong vortex shearing showed initially relatively large irregular domains of each phase that contained small droplets of the other phase. In the absence of XAN, CLSM images taken at the bottom showed that large spherical domains of PEO formed within a continuous DEX phase. The PEO domains creamed to form a clear top layer leaving behind a clear DEX layer. This process was slowed down by adding XAN. However, in the presence of XAN the DEX phase remained turbid, because it contained small trapped PEO droplets that coalesced and creamed very slowly. More XAN was needed to slow down the evolution of E50, because the PEO and DEX domains were initially larger than the dispersed droplets in E25 and E75. Still, if sufficient XAN is present, a homogeneous emulsion of relatively large interpenetrating PEO and DEX domains can be maintained for at least one week.

Fig. 3 .

 3 Fig. 3.20 Transmission profiles under gravity for E25 in presence of 0.1 M NaCl with (a) C = 0.08 wt%, (b) C = 0.1 wt% (c) C = 0.2 wt% and (d) C = 0.3 wt% of XAN obtained at different times after preparation as indicated.

Fig. 3 .

 3 Fig. 3.21 Dependence of the viscosity on the shear rate for E25 at two different XAN concentration with and without 0.1 M NaCl as indicated in the figure.

Fig. 3 .

 3 Fig. 3.22 Viscosity as a function of shear stress for (a) E25 and (b) E75 with different concentrations of XAN as indicated.

Fig. 3 .

 3 Fig. 3.23 Comparisons of the theoretical destabilization times with tc shown in Fig. 3.10 for (a) E25 and (b) E75 at different centrifugal forces: () 2300 g, () 1000 g, () 100 g and () 1 g. The dashed lines indicate tcal = tc.
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 1234 Influence of pH on morphology ................................................................ a. Morphology of emulsions at different pH with fish gelatin .......................................... b. Contact angles of the three phases at different pH ........................................................ c. Effect of pH on the volume fraction of each phase ..................................................... d. Morphology of emulsions at different pH with bovine gelatin ................................... e. Titration curves of fish gelatin and bovine gelatin ...................................................... Stabilization by gelation of the gelatin layer .......................................... a. GEL layer formation at different tie lines ................................................................... b. Gelation of the bovine GEL layer ............................................................................... c. Characterization of the continuous phase .................................................................... d. Effect of dilution after gelation ................................................................................... Triphasic morphology in different conditions ....................................... a. Morphologies at different gelatin concentrations ........................................................ b. More complex morphologies in different conditions .................................................. Generalization to other systems .............................................................. Conclusion ........................................................................................................ References ........................................................................................................

Figure 4 . 1

 41 shows CLSM images of the emulsions at different pH immediately after preparation. Only two phases could be distinguished at extremely low and high pH values (3 and 11.7) as GelF dissolved into the continuous PEO phase. At intermediate pH (4.5 -10.8), GelF and DEX formed aggregates of alternating droplets. Interestingly, in a small pH range close to pH 4 and 11, the GelF phase formed a continuous layer around the DEX droplets with a thickness of about 2 µm. The radius of the DEX droplets varied between 7 and 12 µm.

Fig. 4 . 1 Fig. 4 . 2

 4142 Fig. 4.1 CLSM images (128 µm x 128 µm) of emulsions formed by mixing DEX, PEO and GelF versus pH. The GEL, PEO and DEX phases are indicated in white, grey and black, respectively.

  of pH on the volume fraction of each phase

Figure 4 . 3 . 5 Fig. 4 . 3 4 . 4 .Fig. 4 . 4

 435434444 Figure 4.3. This observation confirms that GelF dissolved into the PEO continuous phase at high and low pH, with only a small quantity going into the DEX phase.

Fig. 4 . 5

 45 Fig. 4.5 Number of charges per gram GelB (black circles) or GelF (red circles) as a function of the pH. The solid lines are guides to the eye.

Figure 4 . 7

 47 (a) that shows the shear moduli of an aqueous GEL solution at 15 wt% as a function of the temperature during cooling and heating at pH 7. Similar results were obtained at other pH values. The gel and melt temperatures were defined as the temperature at which G' and G" crossed during cooling and subsequent heating. They were found to be approximately 22°C and 30°C, respectively, with very little dependence on the pH in the range 3 -11 (Figure 4.7 (b)).

Fig. 4 . 7

 47 Fig. 4.7 (a) G' (circles) and G" (squares) (γ = 10 %, f = 1 Hz, 0.5°C/min) as a function of temperature while cooling (black symbol) and heating (red symbol) for aqueous GEL solutions at pH 7. (b) Gelation (filled symbols) and melting (open symbols) temperatures of aqueous GEL solutions versus pH.

Fig. 4 . 8 c.

 48 Fig. 4.8 (a) Evolution of G'(closed symbol) and G"(opened symbol) as a function of time during rapid cooling from 50°C to 10°C (dash line) for aqueous GEL solutions at pH 7. (b) G' of the gels at different pH after 10 min at 10°C. (c) Concentration dependence of the storage modulus of gels formed by GEL solutions at pH 7 after 10 min at 10 °C. The solid line is a guide to the eye.

Fig. 4 . 9 Fig. 4 .

 494 Fig. 4.9 UV/vis absorption spectra for PEO phase of emulsions D = 1 (black), D = 1.5 (red) and D = 2 (green).

Fig. 4 .

 4 Fig.4.11 Viscosity of emulsions at different dilutions, as indicated in the graph, as a function of increasing (circles) and decreasing (triangles) shear rate. Filled and open symbols represent measurements during the first and second shear ramp, respectively.

  .

  4.6), i.e., containing 7.2 wt% PEO, 1.3 wt% DEX and 2.6 wt% GEL. The emulsion was cooled in the refrigerator for 1 h, and subsequently diluted at 20 °C with MilliQ water then homogenized by stirring at 200 rpm for 30 s. The effect of dilution on the morphology is shown in Figure 4.12. The difference between preparing the emulsions at different dilution factors and diluting after cooling is striking. Emulsions prepared at D = 3 did not form a continuous GEL layer (see Figure.

4 . 6

 46 

Figure. 4 .Fig. 4 .

 44 Fig. 4.12 CLSM images (128 µm x 128 µm) of emulsions prepared at D = 1.5 that were cooled in a refrigerator at 8 -9 °C and subsequently further diluted at 20 °C. The effect of aging 1 and 7 days is also shown. The red and green colors corresponded to the fluorescence signal from Rhodamine B and labeled FITC-DEX, respectively. Photographs of the samples show the slow sedimentation of the droplets for the diluted samples.

FreshFig. 4 .

 4 Fig. 4.13 CLSM images (128 µm x 128 µm) of an emulsion prepared at D = 1.5 that was cooled in a refrigerator at 8 -9 °C as a function of time after dilution at 20°C to D = 6. The red and green colors corresponded to the fluorescence signal from Rhodamine B and labeled FITC-DEX, respectively. 2.5 h after dilution big droplets still contained DEX, but after 5 h the DEX was homogenously distributed.

Chapter 4 . 3 .Fig. 4 .

 434 Fig. 4.14 CLSM images (255 µm x 255 µm) of emulsions containing 7.2 wt% PEO, 1.7 wt% DEX and different concentrations of GEL as indicated in the figure.

Chapter 4 .

 4 Exploiting multiple phase separation to stabilize water in water emulsions and form complex morphologies 113b. More complex morphologies in different conditionsIf the volume fractions of GEL and DEX phases increase simultaneously (Figure4.15), as shown for the samples G36D20 and G42D22 (GxDy refers to emulsions with x vol% of the GEL phase and y vol% of the DEX phase), interconnected domains of the DEX and GEL phases can be observed, but the GEL phase is still separated from DEX and PEO phases. GEL formed a continuous phase in G42D21 and G45D25 and separated the droplets formed by the PEO and DEX phases. The GEL matrix can be easily gelled by cooling to room temperature.In Figure 4.15, G45D25 was at pH ≈ 10, we can observe droplets of PEO and DEX separated in the continuous phase of GEL. As expected, when pH decreased droplets of PEO and DEX phase stick together and can even form a network, see images at pH 7 and pH 9 in

Figure 4 . 16 .Fig. 4 .Fig. 4 .

 41644 Figure 4.16. By lowering the pH further to 4, the initial morphology with the types of droplets freely dispersed in the GEL phase is again observed.

Figure 4 Fig. 4 .Chapter 4 .

 444 Fig. 4.17 CLSM images (128 µm × 128 µm) of emulsions PEO, DEX and bovine GEL prepared at D = 1.5 were cooled in a refrigerator at 8-9°C. Subsequently, pH was adjusted to 7 and the emulsion was diluted to D = 6.

Figure 4

 4 .18.

Fig. 4 .

 4 Fig. 4.18 CLSM images (128 µm x 128 µm) of an emulsion formed by mixing XYL, AMP and GEL one week after preparation (left) and after dilution by a factor 100 (right). For the undiluted sample, the fluorescence intensity increases in the order XYL, GEL and AMP phase. After dilution AMP and XYL mix, and the GEL phase has the strongest fluorescence.

1 .

 1 Biphasic hydrogel of gelatin and tPEO a. tPEO/Fish gelatin phase diagram The porous biphasic transient hydrogels were obtained by mixing fish gelatin (GelF) and tPEO solutions forming a water-in-water emulsion. The phase diagram of binary aqueous solutions of tPEO and GelF was first established over a wide range of concentrations and compositions at pH 7.4 (Figure 5.1). From this phase diagram, we observe that addition of less than 1 wt% of GelF is sufficient to induce phase separation. In comparison with non-associative linear PEO precursors of the same molar mass (blue dash-dot line in Figure 5.1, data reproduced from Ma et al. 1 ), tPEO is much less compatible with GelF. This can be explained by the gain of entropy due to the formation of the transient network that favors the phase separation 2 . However, as shown in Chapter 4, the phase diagram of gelatin (GEL) with another
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 5152253 Fig. 5.1 Phase diagram of aqueous mixtures of tPEO/GelF in PBS at pH 7.4. Open and filled circles represent homogeneous and phase-separated systems, respectively. The solid red line represents the binodal. The dash-dot blue line represents the binodal of PEO (Mn = 10 000g.mol -1 ) and GelF, which is reproduced from the manuscript of Ma et al.1 The squares represent different mixtures studied in this investigation.
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 53554 Fig 5.3 CLSM images (512 × 512 µm) of biphasic mixtures of tPEO/GelF with different compositions: evolution of morphologies at different time. The images in the insert represent a zoom of 68 × 68µm. The hydrophobic core of tPEO was labeled by Nile Red (grey on the pictures).
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 555 Fig. 5.5 CLSM images (512 × 512 µm) of GelB/tPEO mixtures with different compositions indicated in the figure and evolution during 3h (the image of GelB40 was taken only 30 min after preparation), tPEO was labeled by Nile Red (light grey on the pictures).

Fig. 5 . 6

 56 Fig.5.6 Viscosity measurement of GelF at 5.3% (black line), mixtures of GelF 5.3 wt% with 0.2 wt% () and 0.4 wt%() of XAN; and the GEL phases of emulsions G45X0.2 () and G45X0.4 () after centrifugation.
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 5757 Fig. 5.7 (a) CLSM images (512 × 512µm) of emulsion G45 containing 0.09 wt% or 0.18 wt% of XAN at different times after preparation as indicated in the figure. (b) CLSM images (500 × 512µm) of the same emulsions in the direction perpendicular to the plane of observation. The hydrophobic core of tPEO was labeled by Nile Red (grey on the pictures).
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 5859 Fig. 5.8 CLSM images (512*512µm) before and after photo-crosslinking of different samples as indicated. The images in the insert represent a zoom of 68 × 68µm. The tPEO network was fluorescently labeled by Rhodamine B after crosslinking and shown in grey.
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 5 Fig. 5.10 (a) Evolution of G' (filled line) and G" (dotted line) during irradiation at f = 1 Hz for tPEO solution at 6 wt% (b) G' evolution during irradiation of three G25 samples. The blue light (405 nm) was switched on after 30-35 s.

Fig. 5 .Chapter 5 .

 55 Fig. 5.11 (a) Compression true stress as function of deformation for gels with GelF =0 (), 10 v% (), 25 v% () and 30 v% () that show fracture, and gels with GelF = 45 v% (◆) that showed no fracture up to the end of compression. (b) Zoom of on the low stress part to better show the fractures. Dashed lines are guide to the eye.

Fig. 5 .

 5 Fig. 5.12 (a) Compression true stress as function of deformation for tPEO at 6 wt% with a zoom on the linear region (the red line is a guideline). (b) Young's modulus as a function of the volume fraction of gelatin in the biphasic hydrogel; the blue open symbols represent the modulus for the gels with 0.18 wt% of XAN. The solid line represents the values calculated by iso-strain model and the dash line represents the values calculated by iso-stress model.

Fig. 5 .

 5 Fig. 5.13 Strain (a) and true stress (b) at fracture as a function of GelF volume fraction. The filled circles represent values for gels without XAN and the open triangles represents values for gels with 0.18 wt% of XAN in GelF phase.

Figure 5 .

 5 Figure 5.14 (a) shows the frequency-dependence of the storage (G′) and loss (G″) moduli before crosslinking for different samples. A weak physical gel can be measured at low frequency (f < 0.1Hz) in the sample of GelB10 and GelB25 due to the presence of GelB in the tPEO, as the weak gels of GelB formed in PEO phase shown in Chapter 4. GelB40 formed much stronger gels because the gelled GelB phase percolated in this system.Figure 5.14 (b)
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 55 Fig. 5.14 (a) Frequency-dependence of the storage (G′, filled symbols) and loss (G″, open symbols) moduli before crosslinking of G10 (), G25 () and G40 (). (b) crosslinking kinetics during irradiation for pure tPEO (filled line), G10 (dotted line), G25 (dashed line) and G40 (dash-dot-dotted line). (c) Frequency dependence of G' and G" after irradiation for different samples as indicated in the figure. (d) Storage shear modulus as a function of volume fraction of GelB for gels at 10 °C (), at 20 °C () and 40 °C (). The filled line and dashed line (in red) represent the values calculated respectively by iso-strain and iso-stress model respectively at 40 °C, the dash-dot-dotted line and dotted line (in blue) represent the calculated values at 10 °C.

Fig. 5 .

 5 Fig. 5.15 Evolution of G' (γ = 2 %, f = 1 Hz) as a function of time during rapid heating (red line) and then cooling (blue line) of (a) pure tPEO, (b) GelB10, (c) GelB25 and (d) GelB40. The dotted line in figure (a) represents the evolution of temperature (bleu for cooling and red for heating),

Fig. 5 .

 5 Fig. 5.16 Degradation of tPEO in PBS (red triangles) and solution with 0.05 wt% of liver porcine esterase (black circles); G25 in PBS (green squares) at 37°C for 2 months.

Figure 5 .

 5 Figure 5.17 shows the morphologies of the triphasic system containing 4.8 wt% of tPEO, 3 wt% of DEX and 3 wt% of GelF at different pH. As expected from the results reported in Chapter 4, dispersed droplets of the GelF and DEX phases stick together at pH 7.4. When HCl was added, the volume fraction of GelF decreased until it dissolved completely in the DEX phase, contrary to mixtures with PEO and DEX where GelF dissolved in the PEO phase, perhaps due to the association of tPEO. At 4.5 mM HCl added, the DEX and tPEO phases were almost completely separated by a thin layer of the GelF phase.

Fig. 5 .

 5 Fig. 5.17 CLSM images (255 × 255µm) for emulsions of GelF/DEX/tPEO with different quantity of added HCl in GelF phase as indicated. The relative brightness of the phases reflects the relative concentration of Rhodamine B, which decreases in the order tPEO, GelF and DEX.

Figure 5 .

 5 Figure 5.18 shows the morphologies of emulsions with different amounts of GEL for mixtures where the GEL phase wets the DEX phase (the one with 2.5mM HCl added in Figure.

Fig. 5 .

 5 Fig. 5.18 CLSM images (255 × 255µm) for the different mixtures of GelF (at initial pH)/DEX/tPEO as indicated.

Figure 5 .Fig. 5 .Fig. 5 .

 555 Figure 5.19 shows the comparison between the morphology before and after covalently crosslinking. The core-shell morphology did not evolve after irradiation and during soaking the gel in in a buffering medium at pH = 7 (tris-acetate-phosphate).

  as shown in the triphasic model emulsion. Different morphologies were obtained,
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Table 2 . 1

 21 Chemicals and organic solvents for synthesizing the copolymer tPEO.

	Product	Abbreviation	Information	Supplier
	Poly(ethylene oxide)	OH-PEO-OH	Mw =1.09 × 10 4 g.mol -1 , Đ =1.07 ; BioUltra	Sigma-Aldrich
	α-Bromoisobutyryl bromide BIBBr	98%	Sigma-Aldrich
	Triethylamine	TEA	99%	Acros Organics
	4-(Dimethylamino)pyridine DMAP	≥99%	Sigma-Aldrich
	Sodium chloride	NaCl	≥99.5%	Sigma-Aldrich
	Magnesium sulfate hydrate MgSO4	99 -101%	Fluka
	2-Hydroxyethyl acrylate	HEA	96%, contains 200 -650 ppm inhibitor	Sigma-Aldrich
	Tris(2-dimethylaminoethyl)amine	Me6-TREN	98+%	Thermo Scientific
	Copper(II) bromide	CuBr2	99+%, anhydrous	Acros Organics
	Methacryloyl chloride	N/A	97%, contains ~200 ppm stabilizer	Sigma-Aldrich
	Ethylenediaminetetraacetic acid disodium salt	EDTA-2Na	Dihydrate	Scharlau
	Sodium bicarbonate	NaHCO3	99+%	Acros Organics
	Toluene	Tol	≥99.7%	Sigma-Aldrich
	Dichloromethane	CH2Cl2	>99.9%	Sigma-Aldrich
	Diethyl ether	ether	BHT Pure-stabilized with	CARLO ERBA

Table 2 . 2 :

 22 Table 2.2 Chemicals and commercial products for preparing multiphase systems.

	Product	Abbreviation Information	Supplier
	Poly(ethylene oxide)	PEO	Mv 200,000, powder Mw =1.6 × 10 5 g.mol -1 Sigma-Aldrich
	Dextran from Leuconostoc spp.	DEX	Mr 450,000-600,000 Mw =2 × 10 5 g.mol -1	Sigma-Aldrich
	Gelatin from cold water fish skin GelF	Mw =4.4 × 10 5 g.mol -1 BioReagent, solid	Sigma-Aldrich
	Gelatin from bovine skin	GelB	gel strength ~225 g Bloom, Type B	Sigma-Aldrich
	Xanthan gum	XG	Mw =1.1 × 10 6 g.mol -1 Danisco
	Sodium chloride	NaCl	≥ 99.5%	Sigma-Aldrich
	Sodium azide	NaN3	purum p.a., ≥ 99.0% Sigma-Aldrich
	Nile Red	N/A	for microscopy	Sigma-Aldrich
	Rhodamine B	Rhod B	for analysis	Merck KGaA
	Fluorescein isothiocyanate -dextran	FITC-Dex	Mn 500,000	Sigma-Aldrich
	lithium phenyl-2,4,6-trimethylbenzoylphosphinate	LAP	≥ 95%	Sigma-Aldrich
	Hydrochloric Acid	HCl	1 M or 0.1 M	Fluka / Fisher
	Sodium Hydroxide	NaOH	1 M or 0.1 M	Fluka / Fisher

Table 2 . 3

 23 Information about geometries.

	Rheometer	Geometry	Diameter (mm) Angle (°:min:sec) Gap (µm)
		cone-plate (CP25-1)	24.977	0.998	52
	MCR-301	plate-plate (PP25)	25.008	/	/
		cylinder (concentric)	9.997 (bob) 10.837 (cup)	/	/
		cone-plate (112333)	40	2:0:0	54
	ARG2				
		plate-plate (118462)	40	/	/
		cone-plate (991070)	40	2:1:52	47
	AR2000				
		cone-plate (991070)	60	0:59:51	27

  Élaboration d'Hydrogels Multiphasiques, Photoréticulables et de Morphologies Ajustables pour l'Encapsulation Cellulaire Mots clés : Hydrogels poreux ; émulsions eau dans eau ; stabilisation ; photo-réticulation ; microscopie confocale ; rhéologie Résumé : Les hydrogels sont des réseaux polymères gonflés d'eau. Comme ils possèdent des propriétés proches de celles des tissues vivants, ils sont très intéressants pour des applications biomédicales (relargage contrôlé, thérapie cellulaire ou ingénierie tissulaire). Les hydrogels sont intrinsèquement poreux mais la taille des pores est très petite (quelques dizaines de nanomètres). Différentes méthodes sont possibles pour générer cette macroporosité et, parmi elles, la méthode par la séparation de phases semble facile à réaliser. La séparation se fait entre deux liquides non miscibles en formant une émulsion. Dans la littérature, des émulsions eau/huile sont souvent utilisées, mais il est aussi possible de réaliser des émulsions eau/eau en mélangeant deux polymères hydrosolubles, mais incompatibles. L'avantage est qu'il n'y a pas besoin d'enlever l'huile après la formation du gel. L'objectif de ce travail de thèse est de créer des hydrogels poreux présentant différentes morphologies par la séparation de phase eau/eau pour l'encapsulation cellulaire. Si on vise des applications médicales, il est nécessaire que les ingrédients soient biocompatibles. Le polymère que nous avons choisi pour construire le matrice de l'hydrogel est un copolymère tribloc à base de poly(oxyde d'éthylène) porteur de blocs hydrophobes polymérisables (tPEO) dont la biocompatibilité a déjà été établie. Le dextrane et la gélatine sont choisis pour induire la séparation de phase. nous avons testé la possibilité de les stabiliser par l'ajout de xanthane (polysaccharide) qui est beaucoup utilisé pour stabiliser des émulsions eau/huile. Cependant, le xanthane peut se dissoudre dans les deux phases de l'émulsion eau/eau. Nous avons mené une étude sur l'effet du xanthane sur la stabilité et les propriétés rhéologiques de l'émulsion eau/eau. Ensuite, nous avons construit des hydrogels poreux à partir d'une émulsion eau/eau composé de tPEO et gélatine, et étudié systématiquement les morphologies et propriétés mécaniques de ces hydrogels. La deuxième partie de ce travail était d'explorer des morphologies plus complexes à l'aide d'un système triphasique. D'abord nous avons étudié une système modèle constitué de PEO/dextrane/gélatine et découvert que la morphologie pouvait être contrôlée par le pH. Dans certaines conditions la phase gélatine recouvre la phase dispersée de dextrane ce qui permet, après gélification de gélatine par refroidissement, de former des microcapsules. Enfin, le principe de contrôler la morphologie par le pH a été appliqué à la conception d'hydrogels triphasiques, de Elaboration of Multiphase Photo-crosslinkable Hydrogels with Tunable Morphologies for Cell Encapsulation Keywords : Porous hydrogels ; water-in-water emulsions ; stabilization; photo-crosslinking; confocal microscopy; rheology
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Stabilization by gelation of the gelatin layer

As shown above, different morphologies can be obtained in the emulsion of DEX/GEL/PEO. When pH approaches the extreme values, GEL becomes more and more compatible with PEO and  / decreases. When  / >  / +  / , the GEL phase wets the DEX phase forming a continuous layer around the DEX droplets. Upon cooling the GEL phase gels, which stabilizes the emulsion. GelB was used for the following experiments, it will be, by exception, represented by GEL in this section.

a. GEL layer formation at different tie lines

When the emulsion at pH 10 was diluted at high temperatures, the liquid GEL dissolved in the PEO phase. However, a continuous GEL layer was formed again after dilution when pH was slightly reduced by adding a little acid. This is illustrated in Chapter 4. Exploiting multiple phase separation to stabilize water in water emulsions and form complex morphologies

General conclusion

This Ph.D. project showed that it is possible to create stable macroporous hydrogels with tunable morphologies based on water-in-water emulsions.

Adding xanthan into the emulsions efficiently viscosified the medium, slowing down droplet coalescence and is therefore a general method to stabilize W/W emulsions as long as xanthan is compatible with the continuous phase. Emulsions composed of PEO and dextran with three different compositions were studied, and the influence on the stability was demonstrated as a function of xanthan concentration. The microstructures under shear can be linked to the viscosity of emulsions. Xanthan was found to have an additional stabilization effect by forming a protective layer around the dextran droplets in PEO emulsions.

W/W emulsions can, in some cases, be stabilized by adding a third type of incompatible polymer so that a W/W/W emulsion is formed. The morphologies of a W/W/W made by PEO/dextran/gelatin were investigated. The incompatibility of gelatin with PEO and dextran can be tuned by pH so that the organization of the three phases depends on the pH. At a critical pH, the gelatin phase is positioned between PEO and dextran and surrounds dispersed dextran droplets in continuous PEO phase. GelB jellifies when T < 30°C, so a protecting gel layer is formed around the dextran droplets upon cooling. The thickness of the gelatin layer increases with increasing gelatin concentration. Once gelled, the gelatin microcapsules resist dilution, high stirring rate and pH variation and show permeability for the dextran chains. The concept of stabilizing W/W by a third charged gelling phase can be generalized to systems with other incompatible polymers.

The knowledge acquired from the investigation of the model emulsions was used to elaborate biphasic and triphasic hydrogels composed of tPEO as the continuous phase and GelF as the dispersed phase. Different microstructures were obtained by varying the phase volume ratios. When the volume fraction of the two phases was close to 50 v%, a bicontinuous structure was formed that could be stabilized by adding 0.18 wt% xanthan. The elastic modulus of the biphasic hydrogels decreased with increasing volume fraction of the gelatin phase. By replacing GelF that remains liquid at room temperature by GelB that gels below 25°C, it was shown that gelation of the dispersed gelatin droplets increases the elastic modulus of the biphasic hydrogel.

The morphologies of triphasic hydrogels made by tPEO/dextran/gelatin were investigated as a