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The use of templates in materials chemistry is a well-established approach for producing membranebounded hollow spheres used for microencapsulation applications, but also in synthetic biology to assemble artificial cell-like compartments. Sacrificial solid or gel micro-particles, but also liquid-like oil-in-water or water-in-oil emulsion droplets are routinely used as templates to produce capsules. Yet, disruption of the core sacrificial material often requires harsh experimental conditions, such as organic solvents, which limits the use of such approach to encapsulate fragile solutes, including biomolecules. Recently, water-in-water emulsion droplets have emerged as promising alternative templates to produce capsules in solvent-free conditions. These water-in-water droplets result from liquid-liquid phase separation in dilute aqueous polymer or surfactants solutions. Their ease of preparation, the large palette of components they can be assembled from and the lack of harsh solvent or oil used for their production make water-in-water emulsions of practical importance in materials chemistry. Water-in-water droplets can also spontaneously sequester solutes by equilibrium partitioning, which provides a simple strategy to locally accumulate molecules of interest and encapsulate them in capsules after interfacial shell formation. Here, we review recent works that employ water-in-water emulsion droplets to prepare capsules and suggest possible additional applications in materials chemistry.

Introduction

In materials chemistry, sacrificial templates are solid particles, emulsion droplets, self-assembled systems or any other object that can be coated with chemicals or particles then disassembled to produce a material in the shape of the initial template (Fig. 1). Templates have been used to prepare porous materials [START_REF] Tiemann | Repeated Templating[END_REF][START_REF] Thomas | Hard Templates for Soft Materials: Creating Nanostructured Organic Materials[END_REF][START_REF] Zhang | Synthesis and applications of emulsion-templated porous materials[END_REF][START_REF] Zhang | Emulsion Templating: Porous Polymers and Beyond[END_REF][START_REF] Silverstein | PolyHIPEs: Recent advances in emulsion-templated porous polymers[END_REF], Janus particles [START_REF] Hu | Fabrication, properties and applications of Janus particles[END_REF][START_REF] Jiang | Janus Particle Synthesis and Assembly[END_REF][START_REF] Poggi | Janus particles: from synthesis to application[END_REF][START_REF] Su | Janus particles: design, preparation, and biomedical applications[END_REF][START_REF] Zhang | Janus Particle Synthesis, Assembly, and Application[END_REF][START_REF] Perro | Towards large amounts of Janus nanoparticles through a protection-deprotection route[END_REF] or nano-or micro-meter sized hollow capsules [START_REF] Bollhorst | Colloidal capsules: nano-and microcapsules with colloidal particle shells[END_REF][START_REF] Wichaita | Review on Synthesis of Colloidal Hollow Particles and Their Applications[END_REF][START_REF] Rideau | Liposomes and polymersomes: a comparative review towards cell mimicking[END_REF][START_REF] Seiffert | Microgel Capsules Tailored by Droplet-Based Microfluidics[END_REF][START_REF] Caruso | Hollow Capsule Processing through Colloidal Templating and Self-Assembly[END_REF][START_REF] Bago Rodriguez | Capsules from Pickering emulsion templates[END_REF][START_REF] Dinsmore | Colloidosomes: selectively permeable capsules composed of colloidal particles[END_REF][START_REF] Thompson | Colloidosomes: Synthesis, properties and applications[END_REF][START_REF] Anton | Design and production of nanoparticles formulated from nano-emulsion templates: a review[END_REF]. The latter represent attractive materials for both technological and fundamental aspects since they have been exploited to encapsulate various solutes, protect them from the external medium, and release them on demand [START_REF] Onwulata | Encapsulation of New Active Ingredients[END_REF][START_REF] Madene | Flavour encapsulation and controlled release: a review[END_REF][START_REF] Nedovic | An overview of encapsulation technologies for food applications[END_REF][START_REF] Mohan | Encapsulation of food protein hydrolysates and peptides: a review[END_REF][START_REF] Bakry | Microencapsulation of Oils: A Comprehensive Review of Benefits, Techniques, and Applications[END_REF][START_REF] Fang | Encapsulation of polyphenols: a review[END_REF]. The encapsulation properties of hollow spheres depend on the chemical composition and structure of the shell used to cover the core, but also on the nature of the template initially used. While hollow spheres with sizes spanning several orders of magnitudes (from tens of nanometer to hundreds of micrometers) can be produced using such a templating approach, our discussion will focus on microscale capsules (typically 1-100 lm in diameter).

Conventional methods for the preparation of micro-capsules have been broadly reviewed recently [6-8,10,12,16,17,19-21,23,2 4,26-42]. Several methods are template-free as nanoprecipitation or use solvent shifting [START_REF] Martinez Rivas | Nanoprecipitation process: From encapsulation to drug delivery[END_REF][START_REF] Botet | The ''ouzo effect", recent developments and application to therapeutic drug carrying[END_REF][START_REF] Goubault | The Ouzo effect: A tool to elaborate high-payload nanocapsules[END_REF][START_REF] Sciortino | The Ouzo effect to selectively assemble molybdenum clusters into nanomarbles or nanocapsules with increased HER activity[END_REF][START_REF] Aubry | Nanoprecipitation of Polymethylmethacrylate by Solvent Shifting:1. Boundaries[END_REF][START_REF] Lepeltier | Nanoprecipitation and the 'Ouzo effect': Application to drug delivery devices[END_REF][START_REF] Ganachaud | Nanoparticles and Nanocapsules Created Using the Ouzo Effect: Spontaneous Emulsification as an Alternative to Ultrasonic and High-Shear Devices[END_REF]. Solid or gel particles but also water-in-oil or oil-in-water emulsion droplets are routinely used as sacrificial templates to synthesize capsules. One advantage of using solid templates such as silica or latex beads is that they can be highly monodisperse, which provides simple access to monodisperse hollow spheres [START_REF] Caruso | Hollow Capsule Processing through Colloidal Templating and Self-Assembly[END_REF][START_REF] Richardson | Immersive Polymer Assembly on Immobilized Particles for Automated Capsule Preparation[END_REF][START_REF] Yu | The Design and Synthesis of Hollow Micro-/ Nanostructures: Present and Future Trends[END_REF]. However, removing a solid template often involves harsh conditions, such as high temperatures [START_REF] Ruckdeschel | Hollow silica sphere colloidal crystals: insights into calcination dependent thermal transport[END_REF], organic solvents [START_REF] Gorsd | Synthesis and Characterization of Hollow Silica Spheres[END_REF] or very low pH environments [START_REF] Sharma | Hollow Silica Particles: Recent Progress and Future Perspectives[END_REF]. In addition, encapsulating solutes within the resulting hollow spheres has to be performed after the capsules have been prepared (which often turns out tedious) or by initially loading the template beads, but the solutes can then be damaged during template removal. Gelled beads assembled from low molecular weight organogelators [START_REF] Friggeri | Molecular Gels: Materials with Self-Assembled Fibrillar Networks[END_REF][START_REF] Terech | Low Molecular Mass Gelators of Organic Liquids and the Properties of Their Gels[END_REF] have also been used as templates to form hollow capsules by the interfacial assembly of a shell. Gelled templates can be removed more easily, and do not necessarily need to be sacrificed as they can be loaded with the molecules of interest before the assembly of a shell. The use of water-in-oil (W/O) or oil-in-water (O/W) emulsion droplets as templates has also become popular in recent years [START_REF] Zhang | Emulsion Templating: Porous Polymers and Beyond[END_REF][START_REF] Silverstein | PolyHIPEs: Recent advances in emulsion-templated porous polymers[END_REF][START_REF] Shchukina | Layer-by-layer coated emulsion microparticles as storage and delivery tool[END_REF][START_REF] Ramalingam | Adsorption of Proteins on Dual Loaded Silica Nanocapsules[END_REF][START_REF] Tatry | Kinetics of spontaneous microgels adsorption and stabilization of emulsions produced using microfluidics[END_REF], mainly because such dispersions can be produced using a broad range of methods and components (oils and emulsifiers) [START_REF] Zhang | Synthesis and applications of emulsion-templated porous materials[END_REF][START_REF] Mcclements | Advances in fabrication of emulsions with enhanced functionality using structural design principles[END_REF][START_REF] Mcclements | Improving emulsion formation, stability and performance using mixed emulsifiers: A review[END_REF], and can be used to encapsulate either water-soluble or lipophilic solutes. Here again, destruction of the template is not necessary but the final capsules may eventually be transferred into the desired continuous phase, e.g. using gradual changes in solvent.

Different strategies and components have been used to produce shells onto the above-mentioned templates. Colloidal particles can stabilize W/O or O/W droplets to produce Pickering emulsions [START_REF] Bollhorst | Colloidal capsules: nano-and microcapsules with colloidal particle shells[END_REF][START_REF] Bago Rodriguez | Capsules from Pickering emulsion templates[END_REF][START_REF] Xia | The Horizon of the Emulsion Particulate Strategy: Engineering Hollow Particles for Biomedical Applications[END_REF][START_REF] Shi | Nanoparticle Assembly at Liquid/Liquid Interfaces: From the Nanoscale to Mesoscale[END_REF][START_REF] Binks | Colloidal Particles at a Range of Fluid/Fluid Interfaces[END_REF], and can then be cross-linked or locked-in to form robust capsules that have been referred to as colloidosomes [START_REF] Dinsmore | Colloidosomes: selectively permeable capsules composed of colloidal particles[END_REF][START_REF] Thompson | Colloidosomes: Synthesis, properties and applications[END_REF][START_REF] Velev | Assembly of Latex Particles by Using Emulsion Droplets. 3. Reverse (Water in Oil) System[END_REF]. Polymers and polyelectrolytes [START_REF] Philipp | Polyelectrolyte complexes -recent developments and open problems[END_REF][START_REF] Kötz | Self-assembled polyelectrolyte systems[END_REF], including proteins, have also been used to form a shell in lieu of particles [START_REF] Bentz | Hollow polymer nanocapsules: synthesis, properties, and applications[END_REF][START_REF] Ramli | Hollow polymer particles: a review[END_REF][START_REF] Shchukina | Layer-by-layer coated emulsion microparticles as storage and delivery tool[END_REF][START_REF] Donath | Novel Hollow Polymer Shells by Colloid-Templated Assembly of Polyelectrolytes[END_REF][START_REF] Huang | Interfacial assembly of protein-polymer nano-conjugates into stimulus-responsive biomimetic protocells[END_REF][START_REF] Trojer | Charged microcapsules for controlled release of hydrophobic actives. Part I: encapsulation methodology and interfacial properties[END_REF]. These macromolecules either stabilize the emulsion itself by spreading at the oil/water interface or are deposited at the surface of pre-formed emulsion droplets via electrostatic interactions, for instance using the layer-by-layer technique [START_REF] Caruso | Hollow Capsule Processing through Colloidal Templating and Self-Assembly[END_REF][START_REF] Shchukina | Layer-by-layer coated emulsion microparticles as storage and delivery tool[END_REF][START_REF] Richardson | Immersive Polymer Assembly on Immobilized Particles for Automated Capsule Preparation[END_REF][START_REF] Donath | Novel Hollow Polymer Shells by Colloid-Templated Assembly of Polyelectrolytes[END_REF][START_REF] Decher | Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites[END_REF][START_REF] Richardson | Technology-driven layer-by-layer assembly of nanofilms[END_REF][START_REF] Perro | Mastering a Double Emulsion in a Simple Co-Flow Microfluidic to Generate Complex Polymersomes[END_REF]. Interfacial polymerization, cross-linking or complexation are also powerful strategies for producing hollow spheres in emulsion dispersions [START_REF] Kaufman | Single-step microfluidic fabrication of soft monodisperse polyelectrolyte microcapsules by interfacial complexation[END_REF][START_REF] Zou | Interfacial Complexation Induced Controllable Fabrication of Stable Polyelectrolyte Microcapsules Using All-Aqueous Droplet Microfluidics for Enzyme Release[END_REF][START_REF] Song | Recent progress in interfacial polymerization[END_REF][START_REF] Piradashvili | Reactions and Polymerizations at the Liquid/Liquid Interface[END_REF][START_REF] Perignon | Microencapsulation by interfacial polymerisation: membrane formation and structure[END_REF]. For instance, molecular precursors solubilized in one phase (water or oil) may polymerize at the droplets' interface upon addition of a reagent in the other phase [START_REF] Zhao | Microfluidic interface boosted synthesis of covalent organic polymer capsule[END_REF]. Similarly, a polymer bearing reactive groups can be solubilized in one phase and cross-linked at the interface by using a cross-linker dispersed in the other phase [START_REF] Liu | Fabrication of polymer capsules by an original multifunctional, active, amphiphilic macromolecule, and its application in preparing PCM microcapsules[END_REF]. Two polymers can also be dispersed in one or the other phase, respectively, and meet at the droplet interface via attractive electrostatic interactions where they can further be cross-linked to form a robust shell [START_REF] Duan | One-Step Generation of Salt-Responsive Polyelectrolyte Microcapsules via Surfactant-Organized Nanoscale Interfacial Complexation in Emulsions[END_REF][START_REF] Kim | One-Step Generation of Multifunctional Polyelectrolyte Microcapsules via Nanoscale Interfacial Complexation in Emulsion (NICE)[END_REF]. Interestingly, droplet-based microfluidics has emerged as a promising approach to produce monodisperse emulsions droplets as templates to prepare uniformly-sized micro-capsules [START_REF] Kaufman | Single-step microfluidic fabrication of soft monodisperse polyelectrolyte microcapsules by interfacial complexation[END_REF][START_REF] Zhang | One-Step Fabrication of Supramolecular Microcapsules from Microfluidic Droplets[END_REF][START_REF] Lee | Microfluidic Production of Capsules-in-Capsules for Programed Release of Multiple Ingredients[END_REF][START_REF] Seiffert | Microfluidic fabrication of smart microgels from macromolecular precursors[END_REF].

The above-mentioned templates offer powerful approaches for the construction of micro-capsules, but may be limited for handling fragile solutes, such as biomolecules. In addition, in the context of a greener chemistry, alternative strategies to build capsules with a lower environmental impact have recently emerged based on the use of water-in-water (W/W) emulsion droplets as solvent-free, biomolecule-friendly templates. The term 'water-inwater emulsions' is a generic term used to designate the formation of all-aqueous (oil-free) droplets in a continuous aqueous solution [START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF]. W/W emulsions encompass aqueous two-phase systems (ATPS) produced by segregative liquid-liquid phase separation of incompatible polymers (such as poly(ethylene glycol) and dextran), but also coacervates [START_REF] Douliez | Stabilization of all-in-water emulsions to form capsules as artificial cells[END_REF] resulting from an associative liquid-liquid phase separation process, e.g., between oppositely charged polyelectrolytes (complex coacervation) or between amphiphilic molecules [START_REF] Wang | Development of surfactant coacervation in aqueous solution[END_REF] (e.g., in the case of the surfactant clouding phenomenon). Such W/W emulsions have been first reported in the late 19th/early 20th centuries, and have been applied to various fields, including food science, healthcare industry or underwater adhesives. In the mid-20th century, complex coacervate droplets have further been suggested as plausible prebiotic protocells [START_REF] Oparin | Origin of life[END_REF], the first primitive cells that appeared on the early Earth. These water-in-water emulsions have recently regained strong interest with their use as synthetic or artificial cells in a bottom-up approach [START_REF] Koga | Peptide-nucleotide microdroplets as a step towards a membrane-free protocell model[END_REF][START_REF] Dzieciol | Designs for life: protocell models in the laboratory[END_REF][START_REF] Mann | The Origins of Life: Old Problems, New Chemistries[END_REF][START_REF] Keating | Aqueous Phase Separation as a Possible Route to Compartmentalization of Biological Molecules[END_REF][START_REF] Buddingh | Artificial Cells: Synthetic Compartments with Life-like Functionality and Adaptivity[END_REF]. Key feature of these droplets is their ability to spontaneously uptake and accumulate a range of solutes, including biomolecules, via equilibrium partitioning, making them interesting compartments to localize species. However, droplets produced by LLPS are intrinsically unstable and undergo macroscopic phase separation with time. To avoid loss of droplet integrity, several approaches have been developed recently to stabilize all-aqueous droplets against coalescence. These approaches pave the way to the use of W/W emulsion droplets as templates to produce hollow spheres, using similar shell construction strategies as with conventional templates (Fig. 2). For instance, Pickering-like water-inwater emulsions can be produced; interfacial complexation and polymerization at the water/water droplet interface, but also polyelectrolyte layer-by-layer adsorption can be performed: in other words, all the chemistry that has been developed to produce capsules using conventional templates can be applied to water-inwater emulsions. Of course, this requires the chemicals and components used to build the shell to be adapted to be all soluble in water, and the experimental conditions (polymerization, crosslinking. . .) to be optimized to be performed in all-aqueous environment. The best example being that of proteinosomes, which have been initially produced from water-in-oil emulsions [START_REF] Huang | Interfacial assembly of protein-polymer nano-conjugates into stimulus-responsive biomimetic protocells[END_REF] and were further produced using complex coacervates [START_REF] Li | Spatial Organization in Proteinaceous Membrane-Stabilized Coacervate Protocells[END_REF]. Importantly, since these all-aqueous droplets spontaneously sequester solutes, it becomes possible to develop simple encapsulation strategies without the need of organic solvent or harsh conditions (as depicted in Fig. 2).

Here, we review recent studies on the production of robust capsules from all-aqueous emulsions, starting with the experimental conditions of liquid-liquid phase separation in water, followed by studies devoted to the stabilization of droplets, the sequestration of solutes, and the formation of hollow capsules in a context of materials chemistry.

All-aqueous emulsions produced by liquid-liquid phase separation

Polymer liquid-liquid phase separation

Liquid-liquid phase separation (LLPS) is a well-established phenomenon in aqueous polymer solutions that produces water-rich micro-droplets in thermodynamic equilibrium with a continuous aqueous phase [START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF][START_REF] Keating | Aqueous Phase Separation as a Possible Route to Compartmentalization of Biological Molecules[END_REF][START_REF] Falahati | Thermodynamically driven assemblies and liquid/ liquid phase separations in biology[END_REF][START_REF] Martin | Dynamic Synthetic Cells Based on Liquid-Liquid Phase Separation[END_REF][START_REF] Aumiller | Experimental models for dynamic compartmentalization of biomolecules in liquid organelles: Reversible formation and partitioning in aqueous biphasic systems[END_REF][START_REF] Zhou | Recent Advances in Complex Coacervation Design from Macromolecular Assemblies and Emerging Applications[END_REF]. Two main classes of LLPS can be dis-tinguished depending on whether the process is associative or segregative (Fig. 3). Associative LLPS is typically referred to as ''coacervation", which originates from the Latin word 'coacervare' meaning 'coming together' or 'gather' [START_REF] Bungenberg De Jong | Coacervation (Partial Miscibility in Colloid Systems)[END_REF]. Complex coacervation involves the association between two species (at least), such as oppositely charged polyelectrolytes, to produce polymer-rich droplets in equilibrium with a continuous dilute aqueous phase, while simple coacervation refers to LLPS of a single polymer species, such as a polyampholyte, that self-phase separate [START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF][START_REF] Mann | The Origins of Life: Old Problems, New Chemistries[END_REF][START_REF] Aumiller | Experimental models for dynamic compartmentalization of biomolecules in liquid organelles: Reversible formation and partitioning in aqueous biphasic systems[END_REF]. Beyond electrostatic attraction, other non-covalent interactions can also result in associative LLPS, including biomolecular recognition, hydrophobic polyampholytes, p -p or p -cation stacking, as recently reviewed [START_REF] Abbas | Peptide-based coacervates as biomimetic protocells[END_REF][START_REF] Kudaibergenov | Nanostructured hydrophobic polyampholytes: self-assembly, stimuli-sensitivity, and application[END_REF].

In comparison, segregative phase separation is driven by the incompatibility between two polymer species (generally uncharged, such as PEG and dextran) to produce polymer-rich droplets suspended in a continuous phase enriched in the other polymer. This process has been referred to as an ''aqueous two-phase system" [START_REF] Aumiller | Experimental models for dynamic compartmentalization of biomolecules in liquid organelles: Reversible formation and partitioning in aqueous biphasic systems[END_REF].

surfactant liquid-liquid phase separation

Surfactants can also undergo liquid-liquid phase separation to produce surfactant-rich droplets -a process known as the clouding phenomenon [START_REF] Wang | Development of surfactant coacervation in aqueous solution[END_REF]. This process can be compared to simple coacervation when a single surfactant species is involved, but can also occur in mixtures of positively and negatively charged surfactants [START_REF] Douliez | Catanionic Coacervate Droplets as a Surfactant-Based Membrane-Free Protocell Model[END_REF][START_REF] Yu | Endowing a Light-Inert Aqueous Surfactant Two-Phase System with Photoresponsiveness by Introducing a Trojan Horse[END_REF] or uncharged pairs of surfactants [START_REF] Bhattacharya | Lipid sponge droplets as programmable synthetic organelles[END_REF]. In the latter case, the term catanionic coacervates, from the contraction of cationic and anionic, can be used, by analogy with catanionic vesicles or other assemblies produced by two oppositely charged surfactants [START_REF] Rico-Lattes | Catanionic sugar derived surfactants, polymers and dendrimers: from molecules to targeted self-organized systems[END_REF][START_REF] Chiappisi | Catanionic surfactant systems-thermodynamic and structural conditions[END_REF][START_REF] Blanzat | New catanionic glycolipids. 1. Synthesis, characterisation and biological activity of doublechain and gemini catanionic analogues of galactosylceramide (Galb1cer)[END_REF][START_REF] Zemb | Self assembly of flat nanodiscs in salt free catanionic surfactant solutions[END_REF][START_REF] Bhattacharjee | Structural evolution in catanionic mixtures of cetylpyridinium chloride and sodium deoxycholate[END_REF].

Interestingly, the clouding phenomenon has recently been extended to long-and short-chain fatty acids. Solubilizing longchain fatty acids in water is usually not trivial due to the existence of a critical temperature (known as the Krafft point) below which fatty acids crystallize. For instance, the Krafft temperature for the sodium salt of myristic acid, a 14-carbon chain length fatty acid, is around 40 °C [START_REF] John | The hydrolysis of soap solutions. II. The solubilities of higher fatty acids[END_REF][START_REF] Mcbain | Soaps as colloidal electrolytes[END_REF]. Studies have shown that replacing sodium counter-ions with bulkier tetrabutyl-ammonium cations prevented the crystallization of myristate, allowing the formation of stable myristate micelles at room temperature [START_REF] Bales | Cloud Point of Aqueous Solutions of Tetrabutylammonium Dodecyl Sulfate Is a Function of the Concentration of Counterions in the Aqueous Phase[END_REF][START_REF] Zana | Tetrabutylammonium Alkyl Carboxylate Surfactants in Aqueous Solution: Self-Association Behavior, Solution Nanostructure, and Comparison with Tetrabutylammonium Alkyl Sulfate Surfactants[END_REF]. Similarly, addition of guanidine hydrochloride (GuHCl) to sodium myristate (at equimolar ratio) successfully prevented crystallization, and favored fatty acid self-assembly into elongated micelles or stacked bilayers above or below 20 °C, respectively [START_REF] Douliez | Self assembly of anastomosis-like superstructures in fatty acid/guanidine hydrochloride aqueous dispersions[END_REF]. Strikingly, myristate coacervate droplets were produced by adding a $ 2-fold molar excess of guanidinium counter-ions (Fig. 4), which was attributed to the ability of guanidinium to form hydrogen bonding networks with the carboxylate headgroup of fatty acids [START_REF] Garenne | Clouding in fatty acid dispersions for charge-dependent dye extraction[END_REF]. In comparison, flat bilayers formed upon cooling, yielding faceted gelled droplets (Fig. 4).

Fig. 2. Schematic representation of the formation of capsules and encapsulation of a desired solute starting from water-in-water emulsion droplets as templates. The initial emulsion droplet (blue) spontaneously sequesters a solute (green) before being covered by an additional chemical to form the shell (red), which is consolidated to form a capsule containing the solute (green). The initial template may eventually remain encapsulated within the capsule, together with the solute.

Using decanoic acid, a shorter fatty acid bearing 10 carbon atoms, we were also able to produce catanionic coacervates upon addition of either cetyltrimethylammonium bromide or cetylpyridinium chloride by adjusting the pH at an adequate value [START_REF] Douliez | Catanionic Coacervate Droplets as a Surfactant-Based Membrane-Free Protocell Model[END_REF]. Highly monodisperse catanionic coacervates were also formed using microfluidics by first producing cationic surfactant-rich water-in-oil droplets followed by pico-injection of the sodium salt of the fatty acid (Fig. 4).

Water-in-water emulsions from liquid-liquid phase separation

Liquid-liquid phase separation processes in water therefore produce micrometer-sized, chemically-enriched, droplets suspended in an aqueous continuous phase. The droplets are highly hydrated, with a water weight fraction that is typically comprised between 50 and 90 wt%. Since the common solvent of the two coexisting, immiscible phases is water, we here refer to these droplet suspensions as ''water-in-water", ''all-in-water" or ''allaqueous" emulsions, regardless of the driving force or constituents of the droplets and continuous phase [START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF].

sequestration phenomenon in all-aqueous emulsions

As for conventional oil/water phase separation, any solute added to W/W emulsions may phase partition in one or the other phase (or both) based on chemical potentials. When the solute mostly partitions within droplets, the term 'sequestration' is used rather than 'encapsulation' since the solute can still freely exchange between the droplets and the continuous phase (there is no physical barrier that restrict solute diffusion). This sequestration phenomenon has led Oparin to suggest that coacervate droplets may have played a role as protocells, the first primitive cell-like compartments that appeared on the early Earth [START_REF] Oparin | Origin of life[END_REF]. According to this hypothesis, prebiotic ingredients would have been sequestered within droplets, and their local accumulation could have favored reactions to produce more and more complex or evolved cells. Aqueous two-phase systems and coacervates have also gained strong interest in recent years to build artificial or synthetic cells [START_REF] Koga | Peptide-nucleotide microdroplets as a step towards a membrane-free protocell model[END_REF][START_REF] Dzieciol | Designs for life: protocell models in the laboratory[END_REF]. Here again, the sequestration phenomenon provides a simple means to concentrate ingredients of interest within droplets. Depending on the chemical composition of the droplets, uptake of small molecular dyes, proteins, enzymes, DNA but also cell-free expression systems has been demonstrated [START_REF] Oparin | Origin of life[END_REF][START_REF] Koga | Peptide-nucleotide microdroplets as a step towards a membrane-free protocell model[END_REF][START_REF] Keating | Aqueous Phase Separation as a Possible Route to Compartmentalization of Biological Molecules[END_REF][START_REF] Buddingh | Artificial Cells: Synthetic Compartments with Life-like Functionality and Adaptivity[END_REF][START_REF] Garenne | Clouding in fatty acid dispersions for charge-dependent dye extraction[END_REF][START_REF] Dora | In vitro gene expression within membrane-free coacervate protocells[END_REF][START_REF] Perro | Self-coacervation of ampholyte polymer chains as an efficient encapsulation strategy[END_REF]. The sequestration phenomenon is easily observed when using fluorescent dyes or fluorescently labelled solutes by visual inspection, epifluorescence or confocal microscopy. Direct visualization of fluorescence within droplets allows determining whether the solute is sequestered or not (Fig. 5). Taking advantage that W/W emulsions are not stable since droplets coalesce with time, macroscopic phase separation can also be exploited to separate and recover the two phases and quantitatively analyze solute partitioning using UV/vis of fluorescence spectroscopy.

While the uptake or exclusion of a component from droplets is still a largely empirical phenomenon, several parameters such as the net charge of the solutes but also the solution pH can affect partitioning and result in predictable trends for solute sequestration. For instance, studies showed that uncharged and positively charged dyes were sequestered within fatty acid (negatively charged) based droplets, whereas negatively charged dyes were excluded (Fig. 5) [START_REF] Garenne | Clouding in fatty acid dispersions for charge-dependent dye extraction[END_REF], in other studies, proteins were shown to

Segregative Associative

Neutral move from one phase to the other upon varying the pH [START_REF] Dominak | Microcompartmentation in Artificial Cells: pH-Induced Conformational Changes Alter Protein Localization[END_REF] (Fig. 5). We also suggest that the sequestration phenomenon could be 'tuned' by using additives, similar to what has been done in solvent/water systems: for instance, hydrophobically modified hyperbranched polyethylene imine (HbPEI) dispersed in chloroform allowed uptake of hydrophilic dyes from water. [START_REF] Frey | Dendritic polyglycerol: a new versatile biocompatible material[END_REF] Using such polymers to form complex coacervates, or at least, doping coacervates with HbPEI could allow the uptake of chemicals that were not initially sequestered within droplets.

stabilization of W/W emulsions

All-in-water emulsions prepared by liquid-liquid phase separation typically contain highly polydisperse droplets with sizes ranging between 1 and 100 mm, as observed by optical microscopy [START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF]. In general, droplets can be seen to coalesce under the microscope, which ultimately results -in a few minutes up to a few hours -in macroscopic phase separation clearly visible in bulk with the formation of two distinct phases upon resting. The construction of capsules using all-aqueous droplets as templates therefore requires that coalescence is prevented. Yet, and unlike conventional O/W or W/O emulsions, the stabilization of W/W emulsion droplets is far from trivial for two main reasons: (i) the surface tension of water/water interfaces is significantly lower (few mN/m) than that of water/oil interfaces ($mN/m) [START_REF] Balakrishnan | Particles Trapped at the Droplet Interface in Water-in-Water Emulsions[END_REF], and (ii) water/water interfaces are very diffuse, with typical thicknesses of a few tens of nanometers [START_REF] Nguyen | pH-Responsive Water-in-Water Pickering Emulsions[END_REF]. Conventional surfactants used to stabilize O/W emulsions therefore turn out inefficient in adsorbing at water/water interfaces, so that they do not allow stabilization of all-aqueous emulsions. Different alternative strategies have thus been developed in recent years to stabilize W/W droplets, mostly via the use of large objects -typically with a size similar to that of the diffuse interface -to produce Pickering-like emulsions, but also via the rational design of polymers able to adsorb at such interfaces. We detail below examples of stabilization approaches.

Pickering-like all-aqueous emulsions

The first work reporting the stabilization of W/W emulsions used protein, fat or quartz particles to stabilize dextran and methyl cellulose and/or maltodextrin-based W/W emulsions. Particles were shown to adsorb at the W/W interface and could be aggregated by different ways to form Pickering W/W emulsions [START_REF] Poortinga | Microcapsules from Self-Assembled Colloidal Particles Using Aqueous Phase-Separated Polymer Solutions[END_REF]. Recently, in the same way, amine-modified commercial latex beads were shown to adsorb on dextran-rich droplets suspended in a PEG-rich continuous phase [START_REF] Douliez | Preparation of Swellable Hydrogel-Containing Colloidosomes from Aqueous Two-Phase Pickering Emulsion Droplets[END_REF], an observation that was also extended to polydopamine-based particles [START_REF] Zhang | Water-in-Water Pickering Emulsion Stabilized by Polydopamine Particles and Cross-Linking[END_REF] or other particles (Fig. 6) [START_REF] Zhu | Rapid Multilevel Compartmentalization of Stable All-Aqueous Blastosomes by Interfacial Aqueous-Phase Separation[END_REF]. Small unilamellar vesicles [START_REF] Dewey | Bioreactor droplets from liposome-stabilized all-aqueous emulsions[END_REF][START_REF] Lin | Dynamic Behavior of Complex Coacervates with Internal Lipid Vesicles under Nonequilibrium Conditions[END_REF][START_REF] Pir Cakmak | Lipid Vesicle-Coated Complex Coacervates[END_REF], lipid corpuscle [START_REF] Dumas | A new method to prepare microparticles based on an Aqueous Two-Phase system (ATPS), without organic solvents[END_REF], together with cellulose nanocristals [START_REF] Peddireddy | Stabilization of Water-in-Water Emulsions by Nanorods[END_REF][START_REF] Varanasi | Pickering Emulsions Electrostatically Stabilized by Cellulose Nanocrystals[END_REF], protein particles and nanofibrils [START_REF] Song | Fabrication of fibrillosomes from droplets stabilized by protein nanofibrils at all-aqueous interfaces[END_REF][START_REF] Xue | Polymer/Protein Conjugate Particles with Biocatalytic Activity for Stabilization of Water-in-Water Emulsions[END_REF], yeast cellular wall fragments [START_REF] Zhao | Membranization of Coacervates into Artificial Phagocytes with Predation toward Bacteria[END_REF] and spiky particles [START_REF] Abbasi | Controlled generation of spiky microparticles by ionic cross-linking within an aqueous two-phase system[END_REF] were also shown to adsorb at allaqueous droplets' interface to produce Pickering-like W/W emulsions (Fig. 6).

The underlying mechanism that account for the adsorption of such objects at water/water interfaces remains yet elusive, so that this phenomenon is still largely empirical. As commented above, the low surface tension in such systems does not allow supposing that the presence of particles at the interface affords a gain of free energy by decreasing the interfacial energy, as in the case of W and O emulsions. The rational design of particles could help deciphering general rules for their adsorption at all-aqueous interfaces, maybe affording a unified description of this phenomenon. For instance, the construction of Janus particles with the two sides showing a differential affinity for the droplets and continuous phase would be excellent candidates for stabilizing such emulsions, but this has not yet been reported to date. By analogy with Janus particles synthesized from O/W emulsions after they have been immobilized and chemically modified [START_REF] Hong | Simple Method to Produce Janus Colloidal Particles in Large Quantity[END_REF][START_REF] Perro | Production of large quantities of â€oeJanus†nanoparticles using wax-in-water emulsions[END_REF], we also believe that such Janus particles could be synthesized using W/W emulsions by using particles that spontaneously adsorb on it, and adding a chemical partitioned in one or the other phase able to react with these particles.

An important contribution to the stabilization (and the understanding) of W/W emulsions upon addition of particles has been made by the group of Nicolaï, Benyahia and collaborators who developed various experimental and theoretical evidences of this phenomenon [START_REF] Nguyen | pH-Responsive Water-in-Water Pickering Emulsions[END_REF][START_REF] Peddireddy | Stabilization of Water-in-Water Emulsions by Nanorods[END_REF][START_REF] De Freitas | Stabilization of Waterin-Water Emulsions by Polysaccharide-Coated Protein Particles[END_REF][START_REF] Gonzalez-Jordan | Cold gelation of water in water emulsions stabilized by protein particles[END_REF][START_REF] Gonzalez-Jordan | Influence of the Protein Particle Morphology and Partitioning on the Behavior of Particle-Stabilized Water-in-Water Emulsions[END_REF][START_REF] Nguyen | Stabilization of Water-in-Water Emulsions by Addition of Protein Particles[END_REF][START_REF] Nicolai | Particle stabilized water in water emulsions[END_REF][START_REF] Machado | Effect of adding a third polysaccharide on the adsorption of protein microgels at the interface of polysaccharidebased water in water emulsions[END_REF][START_REF] Merland | Thermo-induced inversion of water-in-water emulsion stability by bis-hydrophilic microgels[END_REF][START_REF] Ben Ayed | Water-In-Water Emulsion Gels Stabilized by Cellulose Nanocrystals[END_REF][START_REF] Tea | Stabilization of Water-In-Water Emulsions by Linear Homo-Polyelectrolytes[END_REF]. For instance, pH-responsive polymeric microgels were shown to adsorb at PEG/dextran interface and stabilize the dextran-rich droplets depending on the pH (Fig. 7) [START_REF] Nguyen | pH-Responsive Water-in-Water Pickering Emulsions[END_REF]. These results highlight that the surface properties of the particles play a crucial role in the stabilization of W/W emulsion. Moreover, emulsion stability could be controlled on demand by using the same particles. A similar feature has been observed more recently with diblock copolymer-based microgels, affording temperature dependent stabilization of W/W emulsions (Fig. 7) [START_REF] Pavlovic | Temperature sensitive water-in-water emulsions[END_REF].

A) C) B) D) E)

polymer adsorption at water/water interfaces

Beyond nano-and micro-particles, single polymer chains have been reported to be able to adsorb and self-assemble at water/water interfaces, and in turn stabilize W/W emulsions. An elegant approach to drive the adsorption of a polymer at water/water interfaces is to rationally design it so that a part of it interacts with the inner droplet components whereas another part interacts with the outer continuous phase. This has been nicely achieved using a triblock copolymer that spontaneously self-assembles at the interface of dextran-rich droplets suspended in PEG [START_REF] Buzza | Water-in-Water Emulsions Based on Incompatible Polymers and Stabilized by Triblock Copolymers-Templated Polymersomes[END_REF]. The triblock copolymer was made of a central hydrophobic region flanked by two different hydrophilic moieties that exhibited affinity for either dextran or PEG so that they self-assembled at the PEG/dextran interface, forming a polymer layer, i.e., a polymersome-like structure having a dextran-rich lumen embedded in a PEG-rich continuous phase. Such a strategy was also applied to stabilize complex coacervates, still using triblock copolymers [START_REF] Mason | Hierarchical Self-Assembly of a Copolymer-Stabilized Coacervate Protocell[END_REF].

Another approach is to use polymers that can interact electrostatically with the inner core of complex coacervate: in this case, the interaction should be not too strong so that the polymer remains at the droplet interface without destructing the coacervate droplet. We observed such a phenomenon when adding DNA to catanionic coacervates (Fig. 8) [START_REF] Douliez | Catanionic Coacervate Droplets as a Surfactant-Based Membrane-Free Protocell Model[END_REF].

Lipid-based stabilization of W/W emulsions

Recent studies have also explored the use of self-assembling molecular amphiphiles, and in particular lipids, to adsorb at water/water interfaces. We do not include here all works reporting on aqueous phase separation occurring within lipid vesicles [START_REF] Love | Reversible pH-Responsive Coacervate Formation in Lipid Vesicles Activates Dormant Enzymatic Reactions[END_REF][START_REF] Helfrich | Aqueous Phase Separation in Giant Vesicles[END_REF] but indeed, lipid membranes that really cover aqueous droplets. In a seminal example, a fatty acid, sodium oleate, was shown to self-assemble into bilayers at the surface of complex coacervate microdroplets, forming a lipid membrane [START_REF] Tang | Fatty acid membrane assembly on coacervate microdroplets as a step towards a hybrid protocell model[END_REF]. Using lipids allows mimicking the membrane-bounded structure of living cells, and is attracting growing attention. Recent studies have indeed demonstrated the self-assembly of phospholipids at the surface of complex coacervates [START_REF] Zhang | Giant Coacervate Vesicles As an Integrated Approach to Cytomimetic Modeling[END_REF][START_REF] Pir Cakmak | Phospholipid Membrane Formation Templated by Coacervate Droplets[END_REF][START_REF] Sakuta | Self-Emergent Protocells Generated in an Aqueous Solution with Binary Macromolecules through Liquid-Liquid Phase Separation[END_REF] (Fig. 8). The interactions driving the formation of lipid membranes at water/water interfaces remains yet elusive -it is unclear in particular how such small molecules, i.e., with a size much smaller than the interfacial thickness [START_REF] Nguyen | pH-Responsive Water-in-Water Pickering Emulsions[END_REF], can adsorb at these all-aqueous interfaces -so that further investigations are needed to better understand this phenomenon.

Diffusion across shells and membranes assembled on W/W droplets

While all the systems discussed above appear very efficient to stabilize W/W emulsions, to date, the shells or membranes formed on such all-aqueous droplets are all still permeable to small -and in some cases large -molecules, so that passive diffusion of solutes through the membrane is observed. This diffusion limits the use of such systems as cell-like micro-compartments since it precludes a fine control over chemical localization and exchange with the environment. Stronger efforts should be made to restrict diffusion of solutes across the membrane and better control its permeability.

building capsules from W/W emulsions

The stabilization of W/W emulsions against macroscopic phase separation via adsorption of particles or molecules (polymers and lipids) does not prevent droplet dissolution (for instance upon dilution), so that droplet disassembly drives the destruction of the shell and no hollow sphere is retained. The formation of robust capsules requires the adsorbed objects to be cross-linked to maintain the shell integrity when the droplets are disassembled. Similarly to W/O and O/W emulsions, the term 'demulsification' has been used for aqueous two-phase systems, e.g., PEG/dextran solutions, to refer to the disassembly of W/W emulsions due to dilution below the critical polymer concentration required to have phase separation [START_REF] Zhang | Water-in-Water Pickering Emulsion Stabilized by Polydopamine Particles and Cross-Linking[END_REF]. For complex coacervates, held together by electrostatic interactions, changes in pH or ionic strength, in addition to dilution, can also induce demulsification. Several strategies have been developed to produce micro-capsules before demulsification of W/W emulsions.

colloidosomes templated by W/W emulsions

Colloidosomes offer new opportunities for applications such as microencapsulation. For conventional W/O or O/W Pickering emulsions, a large set of methods has been developed to produce colloidosomes from Pickering emulsions [START_REF] Thompson | Colloidosomes: Synthesis, properties and applications[END_REF], e.g. via particles crosslinking. However, the encapsulation of small chemicals is usually limited to short timescales because the particles shell is very permeable [START_REF] Thompson | Colloidosomes: Synthesis, properties and applications[END_REF], due to the large interstitial pores produced between the adsorbed particles. Although a second shell or impermeable polymer layer can be deposited at the surface of such capsules to prevent fast release of small chemicals, the use of phaseseparated all-aqueous droplets is emerging as an exciting alternative to produce colloidosomes able to retain such small chemicals by sequestration, and prevent their fast release.

Interestingly, the approaches developed to build colloidosomes from W/O or O/W systems can be adapted to W/W Pickering emulsions. This was first shown in an ATPS using fat-based particles to stabilize the emulsion, where particles were aggregated at the droplet interface to form microcapsules [START_REF] Poortinga | Microcapsules from Self-Assembled Colloidal Particles Using Aqueous Phase-Separated Polymer Solutions[END_REF]. Other kinds of particles have also been used to produce Pickering water-in-water emulsions but were not converted into robust colloidosomes (see above) [START_REF] Nguyen | pH-Responsive Water-in-Water Pickering Emulsions[END_REF][START_REF] Peddireddy | Stabilization of Water-in-Water Emulsions by Nanorods[END_REF][START_REF] De Freitas | Stabilization of Waterin-Water Emulsions by Polysaccharide-Coated Protein Particles[END_REF][START_REF] Nguyen | Stabilization of Water-in-Water Emulsions by Addition of Protein Particles[END_REF][START_REF] Nicolai | Particle stabilized water in water emulsions[END_REF][START_REF] Ben Ayed | Water-In-Water Emulsion Gels Stabilized by Cellulose Nanocrystals[END_REF][START_REF] Vis | Water-in-Water Emulsions Stabilized by Nanoplates[END_REF][START_REF] Ganley | Stabilisation of water-in-water emulsions by montmorillonite platelets[END_REF][START_REF] Binks | Phase Inversion of Silica Particle-Stabilized Water-in-Water Emulsions[END_REF]. Amine-modified latex beads were shown to spontaneously adsorb at the interface of dextran-rich droplets suspended in a PEG continuous phase [START_REF] Douliez | Preparation of Swellable Hydrogel-Containing Colloidosomes from Aqueous Two-Phase Pickering Emulsion Droplets[END_REF]. The authors attempted to cross-link the beads via amide bonds by using carbodiimide chemistry in the presence of polyacrylic acid (PAA), but observed instead that carboxylate groups on PAA were esterified with hydroxyl groups of sugars on dextran. Esterification reaction is usually unfavored in water due to hydrolysis [START_REF] Manabe | Dehydration Reactions in Water. Surfactant-Type Brønsted Acid-Catalyzed Direct Esterification of Carboxylic Acids with Alcohols in an Emulsion System[END_REF], but it was suggested that the high concentrations of both polymers (PAA and dextran) within droplets favored the reaction in this case. This reaction eventually produced a dextran/PAA microgel, on which latex beads were also cross-linked (via amide bonds) concomitantly to the esterification of PAA and dextran. The resulting colloidosomes exhibited reversible swelling behavior upon dilution (Fig. 9) and were able to uptake and release macromolecules.

Other colloidosomes have been obtained using PEG/dextran ATPS as templates and dopamine-based or CaCO 3 particles to produce a Pickering water-in-water emulsion. The dopamine-based particles were successfully cross-linked by using both PAA and carbodiimide chemistry to produce colloidosomes (Fig. 9) [START_REF] Zhang | Water-in-Water Pickering Emulsion Stabilized by Polydopamine Particles and Cross-Linking[END_REF], without forming a gel inside the droplets (in contrast to the abovementioned study). CaCO 3 particles were formed in situ at the surface of dextran-in-PEG droplets and locked-in through enzymedriven biomineralization to form hard-shell colloidosomes [START_REF] Qu | Aqueous Two-Phase Droplet-Templated Colloidosomes Composed of Self-Formed Particles via Spatial Confined Biomineralization[END_REF]. In the same way, CaCO 3 particles also formed Pickering emulsions when combined with a thermoresponsive and degradable polymer-forming coacervate, which were further transformed into colloidosomes upon calcium carbonate crystallization [START_REF] Komatsu | Fabrication of Hybrid Capsules via CaCO3 Crystallization on Degradable Coacervate Droplets[END_REF].

Coacervate-to-capsule transition

Other approaches have also emerged to produce capsules from all-in-water emulsions. Instead of covering the aqueous droplets with particles or other shell-forming components, a morphological transition from droplets to capsules can be induced by varying a physicochemical parameter or adding a chemical. Such a structural reorganization was first reported by the group of Mann [START_REF] Williams | Spontaneous Structuration in Coacervate-Based Protocells by Polyoxometalate-Mediated Membrane Assembly[END_REF] starting from complex coacervates assembled from poly(diallyldimethylammonium chloride (PDDA) and adenosine triphosphate (ATP) (Fig. 10). Addition of phosphotungstate (PTA) clusters to such coacervate microdroplets induced a structural change to capsules consisting of a double shell of PDDA/PTA and PDDA/ATP delimiting a polymer-free, dilute aqueous lumen. The stronger interaction of PTA with PDDA compared to ATP induced the formation of a semi-permeable shell, resulting in the osmotically-driven diffusion of water molecules in the coacervate droplet, and formation of a water-rich lumen. This transition from a molecularly crowded environment (coacervates) to a yolk-shell structure was further exploited to produce protocells with catalase-like activity by combining PTA and ruthenium-based polyoxometalate [START_REF] Gobbo | Catalytic processing in ruthenium-based polyoxometalate coacervate protocells[END_REF]. We anticipate that this type of structural transformation could also be induced using other chemicals, such as negatively charged polymers, but further studies are required.

A transition from coacervates to vesicles has also been observed in fatty acid (FA)-based systems upon decreasing the pH. This feature may be relevant in the context of prebiotic chemistry since fatty acids are the simplest amphiphiles capable of selfassembling into vesicles [START_REF] Gebicki | Ufasomes are Stable Particles surrounded by Unsaturated Fatty Acid Membranes[END_REF][START_REF] Apel | Self-assembled vesicles of monocarboxylic acids and alcohols: conditions for stability and for the encapsulation of biopolymers[END_REF][START_REF] Morigaki | Fatty acid vesicles[END_REF][START_REF] Douliez | Self-assembly of fatty acids: from foams to protocell vesicles[END_REF]. As discussed above, sodium myristate can form coacervates using an excess of guanidinium cations. In another paper [START_REF] Douliez | Self-Assembly of Bilayer Vesicles Made of Saturated Long Chain Fatty Acids[END_REF], it has been shown that such a FA can self-assemble into vesicles at lower pH (7.5-9) so that transitions from coacervates to vesicles could be performed upon varying the pH. This has been achieved recently [START_REF] Garenne | Sequestration of Proteins by Fatty Acid Coacervates for Their Encapsulation within Vesicles[END_REF], which allowed the encapsulation of proteins within the so-formed FA vesicles (Fig. 10). A fluorescent protein and an enzyme were shown to be spontaneously sequestered within FA-enriched coacervates. Upon decreasing the pH, the FA-filled droplets turned to membranous hollow vesicles encapsulating the pre-concentrated proteins. In the same way, vesicles initially lacking any cargos in their lumen were transformed into coacervates that sequester proteins, which were further transformed into vesicles that now encapsulated proteins in their lumen.

We also observed such a transition from droplets to capsule-like structures in an ATPS based on gelatin and PEG [START_REF] Douliez | Preparation of Template-Free Robust Yolk/Shell Gelled Particles from Controllably Evolved All-in-Water Emulsions[END_REF]. This binary system can form gelatin-enriched droplets within a PEG-enriched continuous phase above the melting transition of gelatin ($45 °C) [START_REF] Jizomoto | Phase Separation Induced in Gelatin-Base Coacervation Systems by Addition of Water-Soluble Nonionic Polymers II: Effect of Molecular Weight[END_REF][START_REF] Jizomoto | Phase Separation Induced in Gelatin-Base Coacervation Systems by Addition of Water-Soluble Nonionic Polymers I: Microencapsulation[END_REF][START_REF] Yanagisawa | Multiple patterns of polymer gels in microspheres due to the interplay among phase separation, wetting, and gelation[END_REF][START_REF] Yanagisawa | Phase separation in binary polymer solution: Gelatin/Poly(ethylene glycol) system[END_REF]. The droplets were shown to self-aggregate upon cooling. However, when alginate was added to the initial hot mixture, aggregation no longer occurred when the temperature was decreased [START_REF] Douliez | Preparation of Template-Free Robust Yolk/Shell Gelled Particles from Controllably Evolved All-in-Water Emulsions[END_REF]. Rather, isolated gelatin-rich droplets were observed and were shown to entrap smaller PEG droplets in their core, forming a PEG-in-gelatin-in-PEG double emulsion. When the sample was maintained at a temperature above the melting transition of the protein (before cooling), the smaller inner PEG droplets were shown to coalesce within the main gelatin-rich droplets, forming a lumen so that hollow spheres having a gelatin shell that gelled upon cooling were produced (Fig. 10).

6. emerging directions for the production of polyelectrolyte capsules templated by W/W emulsions.

W/W droplets and capsules using microfluidics

The W/W emulsion-templated construction of capsules discussed above typically produces polydisperse compartments that replicate the polydispersity of the template emulsion. Approaches to prepare uniformly-sized capsules are also being investigated, mostly using droplet-based microfluidics. Microfluidics allows the high-throughput production of monodisperse microdroplets suspended in a continuous phase, and has been initially developed for preparing water-in-oil droplets [START_REF] Utada | Monodisperse Double Emulsions Generated from a Microcapillary Device[END_REF][START_REF] Convery | 30 years of microfluidics[END_REF][START_REF] Umbanhowar | Monodisperse Emulsion Generation via Drop Break Off in a Coflowing Stream[END_REF]. The so-formed emulsion droplets have been used to produce capsules using similar chemical strategies as those developed in bulk [START_REF] Zhang | One-Step Fabrication of Supramolecular Microcapsules from Microfluidic Droplets[END_REF][START_REF] Boskovic | Synthesis of polymer particles and capsules employing microfluidic techniques[END_REF].

Excitingly, droplet-based microfluidics has recently started being used to produce water-in-water emulsions without the need of oil. For instance, for a PEG/dextran ATPS, monodisperse dextranrich droplets can be produced by using a PEG solution as the continuous phase. Yet, due to the very low surface tension of W/W emulsions, the different settings, such as the flow rates, and the set-up have to be adapted to produce droplets. For example, a piezoelectric field or pulsating inlet pressures (Fig. 11) have been used to force the production of droplets [START_REF] Moon | Microfluidic generation of aqueous two-phase system (ATPS) droplets by controlled pulsating inlet pressures[END_REF][START_REF] Ziemecka | Allaqueous core-shell droplets produced in a microfluidic device[END_REF], while other approaches have relied on the use of passive droplet generation, choppers or glass microcapillaries [START_REF] Utada | Monodisperse Double Emulsions Generated from a Microcapillary Device[END_REF][START_REF] Moon | Microfluidic generation of aqueous two-phase system (ATPS) droplets by controlled pulsating inlet pressures[END_REF][START_REF] Chao | Emerging aqueous two-phase systems: from fundamentals of interfaces to biomedical applications[END_REF][START_REF] Shum | Microfluidic fabrication of water-inwater (w/w) jets and emulsions[END_REF][START_REF] Van Swaay | Microfluidic Formation of Membrane-Free Aqueous Coacervate Droplets in Water[END_REF][START_REF] Choi | Passive droplet generation in aqueous twophase systems with a variable-width microchannel[END_REF][START_REF] Zhou | Microfluidic generation of aqueous two-phase-system (ATPS) droplets by oil-droplet choppers[END_REF][START_REF] Moon | Water-in-Water Droplets by Passive Microfluidic Flow Focusing[END_REF][START_REF] Liu | A Microfluidic Strategy for Controllable Generation of Water-in-Water Droplets as Biocompatible Microcarriers[END_REF]. Coacervates were also formed exploiting microfluidic flow-focusing system. Droplets resulting from the interaction of poly(diallyldimethylammonium chloride) with either adenosine triphosphate or carboxymethyl-dextran exhibit a narrower size distributions and a higher stability compared to the conventional fabrication techniques [START_REF] Van Swaay | Microfluidic Formation of Membrane-Free Aqueous Coacervate Droplets in Water[END_REF].

Once monodisperse W/W droplets are produced, capsules can be easily prepared, e.g. by interfacial polymer complexation, particular cross-linking or other methods. In a seminal study, polyelectrolyte microcapsules were produced by dispersing a positively charged polymer in dextran and a negatively charged polymer in the continuous PEG phase [START_REF] Zhang | One-Step Microfluidic Fabrication of Polyelectrolyte Microcapsules in Aqueous Conditions for Protein Release[END_REF]. When producing dex-Fig. 9. (adapted with permission from ref [START_REF] Douliez | Preparation of Swellable Hydrogel-Containing Colloidosomes from Aqueous Two-Phase Pickering Emulsion Droplets[END_REF][START_REF] Zhang | Water-in-Water Pickering Emulsion Stabilized by Polydopamine Particles and Cross-Linking[END_REF]) Confocal images of hybrid hydrogel-colloidosomes in the pristine (A) and swollen (B) forms. Lower panel: process used for the production of colloidosomes using polydopamine-based microparticles (PDP). tran droplets, clogging occurred in the microfluidic channel because of the fast complexation between charged polymers at the droplets' interface. This problem was elegantly circumvented by adding an additional PEG channel, free of any charged polymers, to coat the dextran-rich droplets. Therefore, dextran-in-PEG-in-PEG double emulsion droplets were formed, where the intermediate PEG layer ensured slow mixing of oppositely charged polymers and their complexation to form a polyelectrolyte shell (Fig. 11). The need of such an intermediate layer was confirmed in another recent study [START_REF] Zou | Interfacial Complexation Induced Controllable Fabrication of Stable Polyelectrolyte Microcapsules Using All-Aqueous Droplet Microfluidics for Enzyme Release[END_REF]. Similar findings were obtained using the electrospray method [START_REF] Loscertales | Micro/Nano Encapsulation via Electrified Coaxial Liquid Jets[END_REF] instead of microfluidics. In this case, monodisperse droplets and capsules have also been produced via interfacial complexation (Fig. 11) [START_REF] Song | All-Aqueous Electrosprayed Emulsion for Templated Fabrication of Cytocompatible Microcapsules[END_REF][START_REF] Ma | Partitioning-dependent conversion of polyelectrolyte assemblies in an aqueous two-phase system[END_REF][START_REF] Ma | Affinity Partitioning-Induced Self-Assembly in Aqueous Two-Phase Systems: Templating for Polyelectrolyte Microcapsules[END_REF][START_REF] Deng | Development of dualcomponent protein microparticles in all-aqueous systems for biomedical applications[END_REF][START_REF] Hann | All-Aqueous Assemblies via Interfacial Complexation: Toward Artificial Cell and Microniche Development[END_REF][START_REF] Hann | AWE-somes: All Water Emulsion Bodies with Permeable Shells and Selective Compartments[END_REF]. However, up to now, no any polyelectrolyte-based microcapsules have yet been produced in bulk using W/W emulsions.

multiphase emulsions to prepare capsules

Recent studies exploited the possibility of forming multiple allaqueous emulsions to prepare micro-capsules. For instance, microfluidic production of PEG-in-dextran-in-PEG double emulsion droplets, coupled to the use of reactants (thiol-yne reactions) in the dextran intermediate shell, allowed preparation of microcapsules with a gelled dextran layer (Fig. 12) [START_REF] Mytnyk | Microcapsules with a permeable hydrogel shell and an aqueous core continuously produced in a 3D microdevice by all-aqueous microfluidics[END_REF]. An interesting way to prepare all-aqueous double emulsions is to play with osmotic pressure when producing a single W/W emulsion. In an example, a low concentration of PEG was initially mixed with dextran so that no phase separation occurred. When droplets of such a mixture were produced by microfluidics using a highly concentrated PEG outer continuous phase, variation of osmotic pressure induced a phase separation (PEG-in-dextran) within the droplets to produce a PEG-in-dextran-in-PEG double emulsion (Fig. 12) [START_REF] Song | Monodisperse w/w/w Double Emulsion Induced by Phase Separation[END_REF].

Such a strategy was further extended to higher orders since multiple emulsions were produced by this way [START_REF] Chao | Generation of High-Order All-Aqueous Emulsion Drops by Osmosis-Driven Phase Separation[END_REF]. However, only double emulsions were produced but no capsules, up to now. Obviously, the formulation of W/W/W double emulsions via microfluidics opens promising perspectives and a nice way to build capsules in oil-free solutions.

Strategies for the preparation of W/W/W emulsions in bulk are also being developed. Elegant examples include multiphase complex coacervates (Fig. 13) [START_REF] Lu | Multiphase Complex Coacervate Droplets[END_REF][START_REF] Chen | Construction of coacervate-in-coacervate multi-compartment protocells for spatial organization of enzymatic reactions[END_REF][START_REF] Mountain | Formation of Multiphase Complex Coacervates and Partitioning of Biomolecules within them[END_REF][START_REF] Moreau | Spontaneous membrane-less multi-compartmentalization via aqueous two-phase separation in complex coacervate micro-droplets[END_REF][START_REF] Karoui | Self-programmed enzyme phase separation and multiphase coacervate droplet organization[END_REF], produced by mixing 2 polycations together with 2 polyanions in water to form all-aqueous droplets-in-droplets in an aqueous continuous phase. However, again, multiple emulsions were produced but no any capsules. This approach could pave the way to the construction of capsules where the intermediate aqueous layer would be transformed into a robust shell (e.g., upon gelation or chemical reaction).

3D constructs from W/W emulsions

Another coming direction, although it is beyond the scope of the production of capsules, is the preparation of 3D constructs by using ATPS [START_REF] Xie | Compartmentalized, All-Aqueous Flow-Through-Coordinated Reaction Systems[END_REF][START_REF] Luo | Freeform, Reconfigurable Embedded Printing of All-Aqueous 3D Architectures[END_REF]. Typically, instead of building droplets, the method consists of forming tubules by using a 3D printer that can deposit a concentrated polymer within another incompatible polymer-rich continuous phase, e.g. dextran in PEG. Again, the interface needs to be stabilized by polyelectrolytes or hydrogen bonds to prevent complete dissolution of both polymers or fast deformation of tubular structures. These tubular construct could even be produced by microfluidics [START_REF] Choi | Microfluidic fabrication of complex-shaped microfibers by liquid template-aided multiphase microflow[END_REF] (under flow conditions that do not form droplets) and be used for preparing non-spherical but elongated capsules or other materials, still with the capacity of sequestrating or encapsulating cargos.

adding oil to W/W emulsions

While W/W emulsions are particularly attractive because compartmentalization can be induced without using nonpolar solvents, addition of oil to such emulsions may also be of interest for microencapsulation applications, e.g., to encapsulate both hydrophilic and lipophilic cargos. This has been mainly explored by the group of P. Erni et R. De Vries [201][START_REF] Erni | Turning Coacervates into Biohybrid Glass: Core/Shell Capsules Formed by Silica Precipitation in Protein/Polysaccharide Scaffolds[END_REF][START_REF] Dardelle | Three-phase interactions and interfacial transport phenomena in coacervate/oil/water systems[END_REF] and consists of forming O/W/W droplets [START_REF] Bago Rodriguez | Capsules from Pickering emulsion templates[END_REF][START_REF] Wu | Robust microcapsules with polyurea/silica hybrid shell for one-part self-healing anticorrosion coatings[END_REF][START_REF] Bago Rodriguez | Novel stabilisation of emulsions by soft particles: polyelectrolyte complexes[END_REF][START_REF] Laquerbe | pH-switchable pickering emulsions stabilized by polyelectrolytebiosurfactant complex coacervate colloids[END_REF]. Oil is emulsified in complex coacervates so that oil-in-coacervate droplets can form in a continuous aqueous phase. The intermediate complex coacervate layer is further cross-linked and eventually biomineralized using silica precursors to produce hybrid capsules. There are other open doors in this direction since double emulsions are of practical interest for various applications [START_REF] Garti | Double emulsions: Progress and applications[END_REF][START_REF] Muschiolik | Double Emulsions Relevant to Food Systems: Preparation, Stability, and Applications[END_REF][START_REF] Ding | Double emulsions prepared by twoâ€''step emulsification: History, state-of-the-art and perspective[END_REF] and have been widely used recently for the production of liposomes and polymersomes or other kind of capsules [START_REF] Kim | One-Step Generation of Multifunctional Polyelectrolyte Microcapsules via Nanoscale Interfacial Complexation in Emulsion (NICE)[END_REF][START_REF] Deshpande | Octanol-assisted liposome assembly on chip[END_REF][START_REF] Hayward | Dewetting Instability during the Formation of Polymersomes from Block-Copolymer-Stabilized Double Emulsions[END_REF]. Out of this context but of interest, production of W/W/O droplets has been largely investigated [START_REF] Yanagisawa | Multiple patterns of polymer gels in microspheres due to the interplay among phase separation, wetting, and gelation[END_REF][START_REF] Yanagisawa | Phase separation in binary polymer solution: Gelatin/Poly(ethylene glycol) system[END_REF][START_REF] Torre | Multiphase Water-in-Oil Emulsion Droplets for Cell-Free Transcription/Translation[END_REF][START_REF] Pavlovic | Responsive Janus and Cerberus emulsions via temperature-induced phase separation in aqueous polymer mixtures[END_REF][START_REF] Min | Anisotropic Microparticles Created by Phase Separation of Polymer Blends Confined in Monodisperse Emulsion Drops[END_REF][START_REF] Min | Microfluidic Production of Uniform Microcarriers with Multicompartments through Phase Separation in Emulsion Drops[END_REF][START_REF] Cui | Complex Emulsions by Extracting Water from Homogeneous Solutions Comprised of Aqueous Three-Phase Systems[END_REF] and can afford capsules of various forms, thanks to the aqueous phase separation occurring within droplets embedded in oil [START_REF] Liu | Self-Orienting Hydrogel Micro-Buckets as Novel Cell Carriers[END_REF].

conclusions and outlooks

Interest in W/W emulsion droplets has been reignited a decade ago [START_REF] Koga | Peptide-nucleotide microdroplets as a step towards a membrane-free protocell model[END_REF] in the field of protocells, artificial and synthetic cells. Yet, beyond these bio-inspired systems, these emulsions are also very attractive as templates in materials chemistry for the preparation of microcapsules. The key advantage of such all-aqueous emulsions is their ability to spontaneously sequester cargos, which provides a simple mechanism to accumulate species before the assembly of a robust shell. Interestingly, it is also possible to first form a permeable shell at the surface of droplets, to prevent their coarsening, then upload cargos via spontaneous partitioning and, ultimately, make the initial shell impermeable.

As discussed above, the sequestration phenomenon is still largely empirical and should be better investigated to predict whether a cargo will be sequestered or not in aqueous droplets. Similarly, the stabilization of such droplets to prevent their coalescence should be studied more in detail to predict whether a chemical or a particle will adsorb at the droplet interface or not. In addition, while many studies have developed strategies to prepare W/W emulsions-based microcapsules, the formation of submicrometric capsules using W/W emulsions is still unexplored to our knowledge. This domain of lower sizes may be of higher interest for pharmaceutical, cosmetic and food applications. As for the preparation of O/W emulsions, high shearing or sonication methods could be employed for forming small W/W emulsions to be transformed into few tens or hundreds nanometers capsules.

Still copying what has been done in the domain of O/W or W/O emulsions, the preparation of high internal phase W/W emulsions (HIPEs) should also be possible. In O/W emulsions, HIPEs are obtained when a high amount of oil is added with respect to water. Instead of inducing a phase inversion that would yield a W/O emulsion, O/W droplets still form and are in close contact, often forming a gel [START_REF] Silverstein | PolyHIPEs: Recent advances in emulsion-templated porous polymers[END_REF][START_REF] Cameron | Biopolymers Liquid Crystalline Polymers Phase Emulsion[END_REF][START_REF] Gao | Review of recent advances in the preparation, properties, and applications of high internal phase emulsions[END_REF]. In an ATPS made of PEG and dextran, varying the amounts of both polymers (and/or their molecular weight) may yield dextran-in-PEG or PEG-in-dextran droplets, depending on the phase diagram. In other words, addition of dextran with dextran-in-PEG droplets induces a transition to PEG-indextran droplets. However, if one add a stabilizing agent that force the initial curvature, i.e., the formation of dextran droplets, then, dextran-in-PEG HIPEs should form for high amounts of dextran.

Overall, preparing capsules from W/W emulsions has gained interest in recent years, and open exciting perspectives for the years to come. Although studies on W/W emulsions have been reignited for being used as protocells, organelles [START_REF] Martin | Dynamic Synthetic Cells Based on Liquid-Liquid Phase Separation[END_REF] or other cellular bodies [START_REF] Lafontaine | The nucleolus as a multiphase liquid condensate[END_REF], it is obvious that their ease of preparation, the large palette of components they can be assembled from for their production and the potential low cost of chemicals to be used make them of practical importance in materials chemistry. Many works have been done by using microfluidics but this could also be developed in bulk affording higher amounts of final materials. A lot has also been done recently for stabilizing these emulsions, preventing coalescence of droplets, but these were not always converted into robust capsules. Obviously, the phenomenon of spontaneous sequestration of cargos in such aqueous droplets should be the best motivating focus for using such emulsions as templates for building capsules that can efficiently encapsulate solutes of various interests. 
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Fig. 1 .

 1 Fig.1. Schematic representation of the templating method used to prepare capsules as hollow spheres. The template is first covered by a shell, and then eventually removed to produce a hollow sphere.

Fig. 3 .Fig. 4 .

 34 Fig. 3. Schematic representation of segregative (Aqueous Two Phase System, ATPS) and associative (Complex and simple coacervates) Liquid-Liquid Phase Separation (LLPS).

Fig. 5 .

 5 Fig. 5. (adapted with permission from ref [109,112]). Sample tubes photos of fatty acid based coacervates mixed with A) anionic dye (calcein), B) cationic dye (basic fuchsin) and C) uncharged dye (rhodamin B) after phase separation occurred. D) Schematic representation and E) experimental evidence via confocal microscopy of the change of protein sequestration upon varying the pH in giant lipid vesicles encapsulating PEG/dextran aqueous two phase system.

Fig. 6 .

 6 Fig. 6. (adapted with permission from ref [117-119,129]) A) Confocal images of Pickering W/W emulsions stabilized by latex beads (insert: sample tube photo of the Pickering emulsion after sedimentation); B) Optical microscopic image of dextran-in-PEG emulsion (insert: cryo-SEM image of Polydopamine Particles at the W/W interface); C) Projection image characterizing the surface of the blastosomes stabilized by fluorescent PS-COOH particles, D) All aqueous droplet stabilized by spiky particles.

Fig. 7 .

 7 Fig. 7. (adapted with permission from ref [115,141]) A) Images PEO-in-dextran emulsions stabilized by microgels at different pH values. B) Images of W/W emulsion (xyloglucan / amylopectin) at different pH in the presence of fluorescently labeled b-lactoglobulin microgels after 24 h.

Fig. 8 .

 8 Fig. 8. (adapted with permission from ref [96,142,144,145]) A) Schematic representation of W/W emuslions stabilized by triblock copolymers; B) Capsules observed by epifluorescence and prepared from the addition of DNA (labelled with Sybr green) to catanionic coacervates. C) Giant vesicles formed by complex coacervates surrounded by a phospholipid membrane (left: optical image, right: confocal image) and D) hydration of a dry lipid film using a complex coacervates dispersion to form giant vesicles.

Fig. 10 .

 10 Fig. 10. (Adapted with permission from [156,163,164]) A) SEM image of dried PCVs spherical polyoxometalate coacervate vesicles; B) Epifluorescence images showing vesicles obtained from fatty acid-based coacervates upon decreasing the pH. Yellow patch stands for encapsulated YFP and Nile Red allows delineating the fatty acid bilayer; C) Epifluorescence images (I/II) of PEG/gelatin dispersion (labeled with acridine orange) containing 0.5 and 0.8 mg mL À1 alginate, respectively. III) SEM images of yolk-shell particles after deposition of a silica layer.

Fig. 11 .

 11 Fig. 11. (Adapted with permission from ref[START_REF] Moon | Microfluidic generation of aqueous two-phase system (ATPS) droplets by controlled pulsating inlet pressures[END_REF][START_REF] Zhang | One-Step Microfluidic Fabrication of Polyelectrolyte Microcapsules in Aqueous Conditions for Protein Release[END_REF][START_REF] Ma | Affinity Partitioning-Induced Self-Assembly in Aqueous Two-Phase Systems: Templating for Polyelectrolyte Microcapsules[END_REF]) A) W/W droplets formed with perturbations generated by a solenoid valve, which acts on the inlet pressure. I) Schematic representation of the process, II) Optical images of the W/W droplets. B) polyelectrolyte capsules obtained by microfluidic formation of Dex-in-PEG-in-PEG double emulsion. The positively charged polymer present in the dextran phase and the negatively charged polymer present in the PEG outer phase meet in the intermediate PEG phase where they strongly interact to form a robust shell. C) polyelectrolyte capsules obtained by a similar approach using the electrospray method. Here, no intermediate PEG phase is required but charged polymers also meet at the interface to form a robust shell.

Fig. 12 .

 12 Fig. 12. (Adapted with permission from ref [190,191]) A) Schematic representation of the microfluidic device used to produce PEG-in-Dex-in-PEG double emulsion droplets. The use of acrylate-dextran derivatives allows cross-linking the intermediate dextran shell upon UV exposure. B) Confocal image of a capsule obtained by this way. C) Osmose-induced formation of multiple emulsion droplets (2 panels left) obtained by microfluidics that further evolve along the microfluidic device to yolk-shell double emulsion droplets (right panel).

Fig. 13 .

 13 Fig.13. (Adapted with permission from ref[START_REF] Lu | Multiphase Complex Coacervate Droplets[END_REF][START_REF] Chen | Construction of coacervate-in-coacervate multi-compartment protocells for spatial organization of enzymatic reactions[END_REF][START_REF] Mountain | Formation of Multiphase Complex Coacervates and Partitioning of Biomolecules within them[END_REF]) Examples of the production of multiphase complex coacervates yielding double emulsion droplets, A) mixing 2 preformed complex coacervates prepared with 2 different charged polymers, B) mixing 4 different charged polymers and C) step-by-step formation upon sequential addition of charged polymers.
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