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Introduction

Emulsions, mixtures of two immiscible liquids, are used for a wide range of applications [START_REF] Friberg | &dq =emulsions+for+food+applications&ots=KbltwtP3sW&sig=ph-kfsgJo3bmDaOcNtWnKGOIfwc[END_REF][START_REF] Boonme | Applications of microemulsions in cosmetics[END_REF]. Emulsions, thermodynamically unstable, are traditionally stabilized using surfactants, polysaccharides, proteins, or complexes. [START_REF] Bouyer | Proteins, polysaccharides, and their complexes used as stabilizers for emulsions: Alternatives to synthetic surfactants in the pharmaceutical field?[END_REF] However, besides the traditional use of surfactants, emulsion stabilization can also be achieved by solid particles. Pickering emulsion, first discovered by Ramsden [START_REF] Ramsden | Separation of solids in the surface-layers of solutions and 'suspensions' (observations on surface-membranes, bubbles, emulsions, and mechanical coagulation).-Preliminary account[END_REF] and Pickering, [5] refers to particle-stabilized interfaces; they are assumed to be more stable against coalescence than surfactant-stabilized emulsions due to the high energy required for particle detachment from the droplet surface. [START_REF] Binks | Particles as surfactants -Similarities and differences[END_REF] Historically, particles are composed of organic or inorganic solids of natural and synthetic origin [START_REF] Chevalier | Emulsions stabilized with solid nanoparticles: Pickering emulsions, Colloids Surfaces A Physicochem[END_REF]. Still, more than a decade ago, soft particles like cross-linked polymer microgels were also tested. [START_REF] Fujii | Stimulus-responsive emulsifiers based on nanocomposite microgel particles[END_REF] Unlike solid particles that are partially wetted by water and oil and firmly anchored at the oilwater interface, soft microgels are highly swollen by the water phase. Their deformability is the main factor controlling emulsion stability. [START_REF] Richtering | Responsive emulsions stabilized by stimuli-sensitive microgels: Emulsions with special non-pickering properties[END_REF] The use of soft colloids to stabilize interfaces has brought new functionality to Pickering emulsions, otherwise too stable and requiring a high energetic input to break. [START_REF] Tang | Stimuli-responsive Pickering emulsions: Recent advances and potential applications[END_REF] On-demand control of the emulsion stability is of great importance for applications like oil recovery, [START_REF] Masliyah | Understanding Water-Based Bitumen Extraction from Athabasca Oil Sands[END_REF] liquid phase heterogeneous catalysis, [START_REF] Wiese | Microgel-stabilized smart emulsions for biocatalysis[END_REF] and emulsion polymerization, [START_REF] Zhang | Polymeric hollow microcapsules (PHM) via cellulose nanocrystal stabilized Pickering emulsion polymerization[END_REF] but also towards sustainable chemistry by recycling both aqueous and organic phases in view of reuse of the emulsifier. [START_REF] Tang | Stimuli-responsive Pickering emulsions: Recent advances and potential applications[END_REF] The development of stimuli-responsive emulsions has consequently drawn much attention due to their reversible nature. [START_REF] Tang | Stimuli-responsive Pickering emulsions: Recent advances and potential applications[END_REF] The quest for soft, stimuli-responsive and reversible, Pickering stabilizers has recently shown the possibility to use an old family of soft colloids, like oppositely charged intermacromolecule complexes, generally referred to as complex coacervates, [START_REF] Kizilay | Complexation and coacervation of polyelectrolytes with oppositely charged colloids[END_REF] and generally containing polyelectrolytes (PEC) and/or proteins. [START_REF] Schmitt | Protein/polysaccharide complexes and coacervates in food systems[END_REF][START_REF] Monteillet | Charge-driven co-assembly of polyelectrolytes across oil-water interfaces[END_REF] Nonetheless, to date, only a limited number of studies, mainly involving PEC-PEC or polysaccharide-protein complex coacervates, were employed as emulsion stabilizers via a Pickering process [START_REF] Bago Rodriguez | Emulsion stabilisation by complexes of oppositely charged synthetic polyelectrolytes[END_REF][START_REF] Li | Interfacial stabilization using complexes of plant proteins and polysaccharides[END_REF][START_REF] Li | The formation and characterization of antioxidant pickering emulsions: Effect of the interactions between gliadin and chitosan[END_REF][START_REF] Zhu | Whey protein isolate-low methoxyl pectin coacervates as a high internal phase Pickering emulsion stabilizer[END_REF][START_REF] Zhang | Pickering emulsions stabilized by ovalbuminsodium alginate coacervates, Colloids Surfaces A Physicochem[END_REF][START_REF] Dai | Development of stable high internal phase emulsions by pickering stabilization: Utilization of zeinpropylene glycol alginate-rhamnolipid complex particles as colloidal emulsifiers[END_REF][START_REF] Xiong | Ovalbumin-carboxymethylcellulose complex coacervates stabilized high internal phase emulsions: Comparison of the effects of pH and polysaccharide charge density[END_REF]. If these studies demonstrate the interest of complex coacervates colloids as emulsion stabilizers, they also introduce interesting questions in the broader field of colloids science, namely the amphiphilic character of complex coacervates [START_REF] Williams | Polymer/nucleotide droplets as bio-inspired functional micro-compartments[END_REF] and their stability at complex interfaces, hence, the actual mechanism behind the Pickering structure.

The same questions are even more intriguing when another class of soft complexes are employed as emulsion stabilizers, polyelectrolyte-surfactant complexes (PESC) [START_REF] Kronberg | Surface Chemistry of Surfactants and Polymers[END_REF][START_REF] Gradzielski | Polyelectrolyte-surfactant complexes (PESCs) composed of oppositely charged components[END_REF][START_REF] Zhao | Coacervation with surfactants: From single-chain surfactants to gemini surfactants[END_REF].

These systems have been long studied at oil-water interfaces, [START_REF] Lindman | Polyelectrolytesurfactant association-from fundamentals to applications[END_REF] but never in the shape and structure of complex coacervate colloids forming a Pickering emulsion. Simple questions like the stability itself of PESC coacervates at the oil-water interface, hence the possibility to form PESC-based Pickering emulsions, but also more complex questions like their wettability, composition or deformability are simply unanswered.

Instead of classical surfactants, like alkyl sulfates or alkyl quaternary ammonium salts, we employ biosurfactants, because of their environmental and physicochemical interest. [START_REF] Cameotra | Synthesis of biosurfactants and their advantages to microorganisms and mankind[END_REF][START_REF] Mcclements | Recent Advances in the Utilization of Natural Emulsifiers to Form and Stabilize Emulsions[END_REF] Considering the more stringent regulations combined with the worldwide consumers' concerns for health and environment, biosurfactants are the obvious eco-friendly option to develop potentially commercial alternatives to petrochemical surfactants. In the meanwhile, biosurfactants constitute a new category of functional bolaform amphiphiles, of which the micellar shape, charge, aggregation number and amphiphilic character change with pH. [START_REF] Manet | Structure of Bolaamphiphile Sophorolipid Micelles Characterized with SAXS, SANS, and MD Simulations[END_REF] In this regard, the colloidal behavior of biosurfactant-based PESC coacervates as Pickering emulsion stabilizers is even riskier and intriguing than classical surfactants.

Sophorolipids are an attractive class of biobased surfactants exclusively produced from renewable agro-resources through a fermentation process of the yeast S. bombicola, with interesting production rates and reduced environmental impact biosynthesis. [START_REF] Rau | Sophorolipids: A source for novel compounds[END_REF] Sophorolipids possess several attractive applications in cosmetics [START_REF] Maingault | Use of Sophorolipids and Cosmetic and Dermatological Compositions -WO/1995/034282A[END_REF] or as antimicrobial agents [START_REF] Lang | Antimicrobial Effects of Biosurfactants[END_REF] or soft materials preparation. [START_REF] Ben Messaoud | pH-Controlled Self-Assembled Fibrillar Network Hydrogels: Evidence of Kinetic Control of the Mechanical Properties[END_REF] In this regard, sophorolipids are known to have surface-active properties and they are suitable for stabilizing oil-in-water emulsions. [START_REF] Van Bogaert | Microbial production and application of sophorolipids[END_REF] Compared to conventional surfactants, there have been only a few studies of sophorolipids' emulsifying ability. Koh et al. have shown that sophorolipids' interfacial performance is best achieved in a formulation composed of the lactonic and acidic forms, [START_REF] Koh | Effect of Sophorolipid n-Alkyl Ester Chain Length on Its Interfacial Properties at the Almond Oil-Water Interface[END_REF][START_REF] Koh | A versatile family of sophorolipid esters: Engineering surfactant structure for stabilization of lemon oil-water interfaces, Colloids Surfaces A Physicochem[END_REF][START_REF] Koh | Molecular editing of sophorolipids by esterification of lipid moieties: Effects on interfacial properties at paraffin and synthetic crude oil-water interfaces, Colloids Surfaces A Physicochem[END_REF][START_REF] Koh | Influence of Sophorolipid Structure on Interfacial Properties of Aqueous-Arabian Light Crude and Related Constituent Emulsions, JAOCS[END_REF] rather than each individual congener. However, the interfacial performance remains relatively low. [START_REF] Koh | A versatile family of sophorolipid esters: Engineering surfactant structure for stabilization of lemon oil-water interfaces, Colloids Surfaces A Physicochem[END_REF] The poor emulsifying performances were attributed to the bolaform, double hydrophilic, nature of acidic sophorolipids, and to the poor surface-active character of lactonic sophorolipids. The surface charge of sophorolipid micelles is pH-dependent [START_REF] Baccile | Surface charge of acidic sophorolipid micelles: effect of base and time[END_REF] and the micellar structure itself does not have a well-defined hydrophilic-hydrophobic character. [START_REF] Manet | Structure of Bolaamphiphile Sophorolipid Micelles Characterized with SAXS, SANS, and MD Simulations[END_REF] For these reasons, they developed a series of sophorolipid-ester derivatives, with enhanced emulsifying performances [START_REF] Koh | Effect of Sophorolipid n-Alkyl Ester Chain Length on Its Interfacial Properties at the Almond Oil-Water Interface[END_REF][START_REF] Koh | A versatile family of sophorolipid esters: Engineering surfactant structure for stabilization of lemon oil-water interfaces, Colloids Surfaces A Physicochem[END_REF][START_REF] Koh | Molecular editing of sophorolipids by esterification of lipid moieties: Effects on interfacial properties at paraffin and synthetic crude oil-water interfaces, Colloids Surfaces A Physicochem[END_REF][START_REF] Koh | Influence of Sophorolipid Structure on Interfacial Properties of Aqueous-Arabian Light Crude and Related Constituent Emulsions, JAOCS[END_REF] on paraffin (alkane-based), almond (triglycerides-based), or lemon (cyclic and partially hydrophilic terpenes) oils. As a function of the oil phase's nature, sophorolipid concentration, and chemical structure, an oil-in-water (o/w) emulsion containing up to 0.1 oil volume fraction are formed and are stable during few days. [START_REF] Koh | Effect of Sophorolipid n-Alkyl Ester Chain Length on Its Interfacial Properties at the Almond Oil-Water Interface[END_REF][START_REF] Koh | A versatile family of sophorolipid esters: Engineering surfactant structure for stabilization of lemon oil-water interfaces, Colloids Surfaces A Physicochem[END_REF][START_REF] Koh | Molecular editing of sophorolipids by esterification of lipid moieties: Effects on interfacial properties at paraffin and synthetic crude oil-water interfaces, Colloids Surfaces A Physicochem[END_REF] We have recently reported the complex coacervation between sophorolipid micelles and cationic PEC. [START_REF] Ben Messaoud | Complex coacervation of natural sophorolipid bolaamphiphile micelles with cationic polyelectrolytes[END_REF] Interestingly, complex coacervation is driven by pH by tuning the electrostatic interaction strength between SL and PEC, where only deacetylated acidic sophorolipids are used. In the current study, we employ pH-responsive sophorolipids-PEC complex coacervates to form reversible o/w emulsions. Similarly, sophorolipids are employed in their deacetylated open acidic form without any chemical modification. We show that emulsion stabilization occurs by a Pickering effect via the pH-responsive complex coacervates adsorption at the oil-water interface (oil = dodecane). We show that the o/w Pickering emulsions are stable up to Φoil of 0.7 and that emulsion can be easily broken and reformed by a simple pH switch method. The emulsion droplets' size distribution is examined using optical microscopy, while the solid-like behavior is probed by rheology. The colloidal stabilization of the interface is eventually demonstrated by combining confocal laser scanning microscopy and scanning electron microscopy under cryogenic conditions, both avoiding dehydration and preserving the emulsion structure.

Experimental Section

Chemicals

Sophorolipids (Mw= 622 g.mol -1 ) are purchased from Soliance (Givaudan Active Beauty, France) and hydrolyzed in an alkaline medium. The deacetylated open acidic form is obtained by lowering pH at around 4.5 and finally recovered using the standard pentanol method. [START_REF] Baccile | Practical methods to reduce impurities for gram-scale amounts of acidic sophorolipid biosurfactants[END_REF] The final compound is constituted of deacetylated (open acidic) sophorolipids (SL) with a C18:1 (subterminal ω-1) content above 80% and forming a stable micellar phase in a broad acidic-basic pH range. [START_REF] Dhasaiyan | Micelles versus Ribbons: How Congeners Drive the Self-Assembly of Acidic Sophorolipid Biosurfactants[END_REF] Chitosan oligosaccharide lactate (CHL) (Mn≈ 5 KDa, pKa≈ 6.5, deacetylation degree >90%), poly-L-lysine hydrobromide (PLL) (Mw≈ 1-5 KDa, pKa≈ 10) and FITC-labeled poly-L-lysine (Mw≈ 15-30 KDa, 0.003-0.01 moles FITC per mole of lysine monomer) are purchased from Sigma-Aldrich. 18:1 Liss Rhod PE (1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt), Mw= 1.3 KDa) is purchased from Avanti Lipids®. This compound is labeled Rho-PE. Dodecane (Reagent Plus, purity≥ 99%) from Sigma-Aldrich is used to prepare emulsions. All other chemicals are used without further purification.

Preparation of complex coacervate solutions

Complex coacervates are prepared according to our previous study. [START_REF] Ben Messaoud | Complex coacervation of natural sophorolipid bolaamphiphile micelles with cationic polyelectrolytes[END_REF] Briefly, SL and PEC's stock solutions are prepared separately by dissolving each compound's appropriate amount in Milli-Q-grade water. Then, SL solution and a selected PEC solution are mixed together with final concentrations (C) of CSL= 5 mg/mL, CCHL= 1.4 mg/mL and CPLL= 2 mg/mL. The mixture's final pH is then adjusted under mild stirring by adding a few µL of HCl (0.1 M or 0.5 M) or NaOH (0.1 M or 0.5 M).

Preparation of emulsions

A known volume fraction of dodecane, Φoil (0 ≤ Φoil ≤ 0.75) is mixed with (1-Φoil) of a SL-PEC complex coacervate solution to prepare a biphasic system. The mixture is then subjected to a high-speed homogenization (rotor-stator) using an Ultra-Turrax homogenizer (IKA ® T25 Basic Werke) with a dispersing element of 25 mm (stator diameter) to obtain a homogeneous emulsion. Homogenization is maintained for 1 min at a constant speed of 13500 rpm with the vial's vertical movements along the rod.

Pendant drop tensiometry

The drop shape analysis system DSA30 Krüss, Germany, is used with associated software and microsyringes SY20 of 1 mL in borosilicate glass. The cleanliness of the setup is verified by pumping 10 times the syringe volume with milliQ water. The surface tension must be constant and reproducible ±0.5 mN/m during the total time of the experiment. A pendant drop of 11 -30 µL of the solution is produced in air with a steel capillary having an external diameter of 1.83 mm. Images are recorded each 1 s during 300 s. Contour of the drop is fitted by the Young-Laplace equation using an iterative process with the surface tension, σ, as an adjustable parameter.

Optical microscopy

To visualize the emulsion droplets, images are acquired using Nikon DS-Ri1 optical microscope in brightfield mode. The emulsion droplets' size distribution, after preparation and following destabilization/re-emulsification, is estimated by image analysis using Fiji software (National Institutes of Health, Bethesda, Mayland, USA) to calculate diameters of about 100 droplets for each sample. [START_REF] Schindelin | Fiji: An open-source platform for biologicalimage analysis[END_REF] 

Rheology

The o/w emulsions' rheological properties are carried out at 20°C using an MCR 302 rheometer (Anton Paar, Austria) equipped with a solvent trap to ensure minimal water evaporation during the measurements. The oscillatory shear experiments are performed using a sandblasted plate-and-plate geometry (25 mm) with an initial gap of 0.5 mm and a controlled normal force (NF ~ 0 N). First, a dynamic strain sweep is conducted at an angular frequency (ω) of 6.28 rad/s by varying the shear strain (γ) from 0.01 to 1000 % to determine the linear viscoelastic region. A value of strain within the linear viscoelastic regime is then applied in the following angular frequency sweep between 100 and 0.01 rad/s.

Step strain experiments under small and large strains are performed to evaluate the mechanical properties' potential recovery. For each emulsion, five cycles of destructuring/restructuring are performed. The sample is subjected to a large strain (20% for PLL emulsion) for 5 minutes, then to a small strain (0.3%) for 30 minutes (except during the last cycle where the small strain lasts 1 hour). All measurements are carried out 24 hours after emulsions preparation.

Confocal Laser Scanning Microscopy (CLSM)

The obtained emulsions are observed using a Leica TCS SP5 (Leica Microsystems, Heidelberg, Germany) equipped with an internal GaAsP hybrid detection system. To visualize the complex coacervates, two sets of experiments are performed using solely FITC-labeled PLL or both FITC-labeled PLL and a rhodamine-labeled C18:1 lipid (Rho-PE). The samples are excited with FITC-PLL and Liss Rhod PE specific excitation wavelengths of 488 nm and 561 nm. The emission is detected between 498-548 nm and 571-631 nm, respectively, using photomultiplier tube (PMT) detectors. CLSM images are analyzed using Fiji software (National Institutes of Health, Bethesda, Mayland, USA) to acquire diameters of about 100 droplets for each sample. [START_REF] Schindelin | Fiji: An open-source platform for biologicalimage analysis[END_REF] To avoid any significant effect of FITC-PLL or Rho-PE on the complex coacervate and emulsion formation, several PLL:FITC-PLL mass ratio and SL:Rho-PE molar ratios are priory tested, and a mass ratio of 57 and a molar ratio of 500 are selected, respectively. The experimental conditions for complex coacervates labeling are given in Table 1. 

Scanning Electron Microscopy under cryogenic conditions (cryo-SEM)

A small volume of a selected emulsion is plunged into slush nitrogen. The frozen sample is transferred into the Quorum PT 3010 chamber attached to the microscope. There, the frozen sample is coated with a thin Pt layer (by sputter deposition) and fractured with a razor blade.

A slight etching of the sample is performed at -90 °C for 2 minutes. No further metallization step is required before transferring the sample to the SEM chamber. The adsorption of coacervates onto oil droplets is observed using a cryo FE-SEM (Hitachi SU8010) imaging at -150 °C and a voltage of 1 keV.

Results and discussion

Emulsion formation

In a recent publication, we have shown that SL micelles form pH-responsive complex coacervates in the presence of PEC, such as chitosan oligosaccharide (CHL) or poly-L-lysine (PLL). [START_REF] Ben Messaoud | Complex coacervation of natural sophorolipid bolaamphiphile micelles with cationic polyelectrolytes[END_REF] If PLL is not known to be involved in emulsion stabilization, both the basic form of chitosan alone [START_REF] Payet | Emulsification and stabilization mechanisms of O/W emulsions in the presence of chitosan[END_REF][START_REF] Wang | Chitosan-Based Conventional and Pickering Emulsions with Long-Term Stability[END_REF] and its complexes with surfactants (although not in a complex coacervate phase) [START_REF] Ren | Switching Pickering emulsion stabilized by Chitosan-SDS complexes through ion competition, Colloids Surfaces A Physicochem[END_REF][START_REF] Senra | Surfactant-polysaccharide complexes based on quaternized chitosan. Characterization and application to emulsion stability[END_REF][START_REF] Ren | Multistimuli-Responsive Pickering Emulsion Stabilized by Se-Containing Surfactant-Modified Chitosan[END_REF] have been proven to be suitable emulsion stabilizers. Our previous work, summarized in Figure 1 and Figure S 1 commented in this paragraph, showed four distinct regions, the pH range of which depends on the respective pKa of SL and PEC, in the titration curves of both SL-CHL (Figure 1) and SL-PLL (Figure S 1). In region 1, off-plateau, the solution is clear, and turbidity is close to zero, SL forms uncharged micelles, and PEC is generally soluble. [START_REF] Manet | Structure of Bolaamphiphile Sophorolipid Micelles Characterized with SAXS, SANS, and MD Simulations[END_REF][START_REF] Baccile | Surface charge of acidic sophorolipid micelles: effect of base and time[END_REF][START_REF] Baccile | Unusual, pHinduced, self-assembly of sophorolipid biosurfactants[END_REF] In region 2, turbidity progressively increases (the solution becomes cloudy), SL micelles start to become negatively charged due to the carboxylic acid's deprotonation, thus promoting electrostatic interactions with the positively charged PEC. In region 3, between the pKa's of SL and PEC corresponding to the on-plateau, turbidity is maximized; SL and PEC form stable complex coacervates. In Region 4, off-plateau, turbidity decreases again, the solution becomes clear, SL forms negatively-charged micelles [START_REF] Manet | Structure of Bolaamphiphile Sophorolipid Micelles Characterized with SAXS, SANS, and MD Simulations[END_REF][START_REF] Baccile | Surface charge of acidic sophorolipid micelles: effect of base and time[END_REF][START_REF] Baccile | Unusual, pHinduced, self-assembly of sophorolipid biosurfactants[END_REF] and the PEC is either soluble (PLL) or insoluble (CHL). The coacervation process is optimized on the plateau (on-plateau) region of the titration curve, which is between approximately pH= 5.5 and 6.9 for CHL (Figure 1) and pH= 5. They also display a drop in surface tension at t= 0 s, comparable to the free SL solution, thus suggesting that the non-complexed, free, SL component is firstly adsorbed at the air-water interface. However, the surface tension evolves more slowly with time, and no well-defined adsorption/desorption equilibrium is reached after 300 s for the complex coacervates solutions compared to the SL one.

Interestingly, water evaporation drives the formation of an opaque, thick crust after t= 1h20 at the drop's surface containing the SL-CHL solution. After filling the drop with a sequential increment of the filling solution (images f)-g) in Figure 2) shows the formation of a pending drop having a non-Laplacian shape. A Laplacian geometry of the drop is commonly observed for low-molecular-weight surfactant solutions due to adsorption/desorption equilibrium, which produces a fluid film. Laplacian-shaped drops are also observed here for pure water, SL and CHL solutions (images c)-e), Figure 2), respectively having σ= 72, 40 and 32 mN/m.

On the contrary, high molecular weight surfactants, proteins, and other amphiphilic polymers irreversibly adsorb at the air/water interface, and they produce thick multi-layer films.

Complex coacervate solutions studied here also seem to exhibit an irreversible interface adsorption, producing a thick layer, which deforms the shape of the drop. For this reason, despite the comparable value of surface tension after t = 300 s between SL and SL-PEC solutions, we can safely state that the evolution of σ in the complex coacervates solutions is driven by a combined surface tension effect attributed to both free SL (fast) and SL-PEC complexes (slow). In light of the above, we test SL-PEC solutions' ability to stabilize o/w emulsions according to the on-plateau (Region 3) or off-plateau (Region 1) positioning on the SL-PEC turbidity curve. In this case, water dilutes the emulsion phase, whereas dodecane only increases the volume of the oil layer on the top of the sample, suggesting that the present emulsions type is o/w, in a good agreement with the Finkle rule, which predicts that the continuous phase of the preferred emulsion is the one in which the stabilizer is preferentially dispersed. [START_REF] Finkle | The Theory of Emulsification[END_REF] Reference emulsions of o/SL and o/CHL (Φoil= 0.5, Figure 1) prepared at pH > 5 form a fluid emulsion, which flow upon vial inversion and destabilizes over time. These observations show that the pH values of SL-PEC, therefore the coacervation stage, play a crucial role in emulsification process. This hypothesis is based on the assumption that neither the coacervates structure nor their composition is significantly affected during the emulsification process. This hypothesis will be discussed later on.

The preliminary experiments shown in Figure 1, underline the effect of the mixture's pH, i.e., the coacervation stage, on the emulsion's macroscopic behavior. One can observe that o/w emulsions are formed with a turbid aqueous bottom phase. The residual turbidity, related to the presence of coacervates after emulsification, highlights an excess of coacervates compared to the amount required to stabilize the o/w interfaces.

To study the influence of the oil content on the emulsion type and macroscopic behavior, the oil volume fraction (Φoil) is varied from 0 to 0.75, and the appearance of the emulsions is shown in Figure 3. In absence of oil (at Φoil= 0), solution's turbidity originates from the coacervates' presence in the solution. The progressive increase in Φoil leads to an increase in the emulsion volume and a decrease in the lower phase volume (coacervate phase). For Φoil up to 0.6, creaming is always present, but it disappears at Φoil= 0.7. For all samples at Φoil< 0.7, an estimation of the residual volume of the aqueous phase, by lower phase weighing, highlights that Φw is always about 0.3, which is in agreement with the fact that Φoil= 0.7 is the optimal o/w volume ratio able to emulsify the solution entirely. This observation is in good agreement with a previous study on emulsion stabilized using poly(N-isopropylacrylamideco-methacrylic acid) microgels, and where authors attributed the emulsion creaming to an excess of microgels in the solution.

[53] At Φoil= 0.75> Φmax= 0.74, which is defined as the maximum volume fraction of uniform nondeformable spheres when packed most efficiently, [START_REF] Cameron | High Internal Phase Emulsions (HIPEs) -Structure, Properties and Use in Polymer Preparation[END_REF] three phases are observed: a large oil phase, a thin emulsion phase, and a thin aqueous phase. However, an optimization of the emulsification process by increasing the homogenization speed and by gradual incorporation of the oil phase during the emulsification process might result in a stable High Internal Phase Emulsion, HIPE (Φoil > 0.74). Although HIPE systems' development is of great importance for a wide range of applications, [START_REF] Tebboth | Polymerised high internal phase emulsions for fluid separation applications[END_REF][START_REF] Liu | High internal phase emulsions stabilised by supramolecular cellulose nanocrystals and their application as cell-adhesive macroporous hydrogel monoliths[END_REF] the latter is beyond the current study's scope.

Based on these observations, more advanced characterizations are conducted on o/w stabilized by either SL-CHL and SL-PLL complexes and prepared at different pH values and with a selected oil volume fraction (Φoil) of 0.7.

The imaged droplets and respective size distribution of o/w emulsions, prepared using either SL-CHL and SL-PLL aqueous phase, are shown in Figure 4. SL-CHL system, in Region 2 (pH 5.06, Figure 4a), shows that oil droplets are not aggregated and they can be easily isolated from one another. The size distribution of their size can be fitted by a log-normal function with a mode at about 7 µm. On-plateau, at pH 6.35 (Figure 4b), oil droplets exhibit a similar size distribution with a mode at around 7 µm, but a large number of droplets with a diameter < 3 µm form aggregates which are difficult to disperse and to measure accurately using Therefore, to demonstrate that emulsion stabilization is a common feature of SL-PEC complex coacervates, we tested the SL-PLL system's emulsification properties. This is also motivated by the broader coacervation plateau of SL-PLL, from pH 5.7 to pH 8.5 (Figure S Both systems displayed the same typical strain-softening behavior with constant values of 𝐺′ and 𝐺′′ as shear strain increase until a critical shear strain (𝛾 𝑐 ), indicating the limit of the linear viscoelastic regime (LVER) and from which both moduli decrease abruptly. 2). Therefore, one possible key parameter could then be the emulsion droplet size and its broad size distribution. As shown in Figure 4, the emulsions are mainly composed of droplets between 10 and 20 µm, coexisting with large droplets as well as droplets <3 µm. These could be embedded in the empty space between the larger droplets leading to an increase of the final viscoelastic properties. [START_REF] Foudazi | The rheology of binary mixtures of highly concentrated emulsions: Effect of droplet size ratio[END_REF] Preliminary tests, not shown here, confirm an effect of the droplet size on the elastic properties of o/w emulsion gels: reducing the droplet size to less than a micron provided 𝐺 ′ in the order of 1 kPa.

Table 2 shows the comparative elastic properties of both classical (surfactant-based) and Pickering (particle-based) emulsions. For comparable volume fraction, the values of 𝐺 ′ are in the same order of magnitude of concentrated emulsions stabilized by surfactant adsorption [START_REF] Romero | Viscoelastic properties and stability of highly concentrated bitumen in water emulsions[END_REF] or by forming a continuous protein protective layer. [START_REF] Anvari | Effect of formulation on structure-function relationships of concentrated emulsions: Rheological, tribological, and microstructural characterization[END_REF] Concentrated emulsions stabilized by a Pickering effect generally demonstrate, for a similar volume fraction, a higher 𝐺 ′ by at least one order of magnitude than classical concentrated emulsion. [START_REF] Guerra | Elasticity of Compressed Emulsions A dissertation presented[END_REF] The particles' origin and role in increasing the interface elasticity are system-dependent and not predictable and could depend on several factors related to the properties of the used particles, e.g., size, shape, rigidity, and deformability, and the interaction between them. However, concentrated emulsion stabilized by a Pickering effect using solid particles like hydrophobic starch, [START_REF] Song | Preparation and characterizations of Pickering emulsions stabilized by hydrophobic starch particles[END_REF] kafirin, [START_REF] Xiao | Kafirin nanoparticles-stabilized Pickering emulsions: Microstructure and rheological behavior[END_REF] and cellulose nanocrystals or nanofibrils [START_REF] Bai | Pickering emulsions by combining cellulose nanofibrils and nanocrystals: Phase behavior and depletion stabilization[END_REF] or using soft and deformable particles like microgels demonstrates comparable gel-like properties [START_REF] Li | Stimuli-responsive gel emulsions stabilized by microgel particles[END_REF] with 𝐺 ′ being in the order of 100 Pa at 1 Hz. The emulsions prepared in this study by using SL-CHL and SL-PLL complex coacervates as stabilizers also show a similar gel-like behavior with comparable 𝐺 ′ . 

pH-responsive and mechanical recovery properties

Both SL-CHL and SL-PLL-based o/w emulsions are stable over months at room temperature at complete rest or even after manual shaking, mimicking an uncontrolled mechanical solicitation event, like transport. Based on this observation, step-strain cycles experiments are performed on an o/w emulsion stabilized by SL-PLL complex on-plateau (Figure 6) to quantify the mechanical stability and potential recovery time of the emulsions. These experiments consist of applying a small shear strain within the LVER (𝛾 = 0.3%) to the sample for the first 30 minutes to evaluate its initial rheological properties (𝐺 ′ i= 53 Pa). The emulsion is destructured for 2 minutes by applying a large shear strain (𝛾 = 20%) out of the LVER (see Figure 5c), when 𝐺 ′ < 10 Pa and 𝐺 ′ < 𝐺 ′′ , characteristic of liquid behavior. The sample is allowed to recover its properties for 30 min under a strain set within the LVER (𝛾 = 0.3%). The first measurement after recovery indicates that the emulsion has recovered its gel behavior (𝐺 ′ > 𝐺 ′′ ) and 60% of its initial 𝐺 ′ . After 30 min, the gel has recovered 75% of its initial storage modulus. Five cycles of large and small strains (Figure 6) show that the emulsion has the same behavior and it recovers the same percentage of 𝐺 ′ after each cycle.

After the last cycle, recovery is allowed for one hour and emulsion recovers almost 85% of its initial 𝐺 ′ , as well as the same response to strain and frequency sweep (Figure S 2). This experiment demonstrates that the homogenization of a coacervate solution with an oil phase produces a highly stable gel with reversible gelling upon applying an external mechanical strain. This and their ability to restructure quickly after destructuring are evidence of the stretching of the oil-water interfaces. Based on the pH-reversibility of complex coacervation formation, emulsions' mechanical properties are also tested against in-situ pH variation. Figure 7 shows the mechanical properties and optical microscopy of o/w emulsions stabilized by SL-CHL and SL-PLL complexes and characterized by an initial 𝐺 ′ between 80 Pa and 100 Pa, respectively. When the pH is lowered to the off-plateau region, a turbid aqueous and an oil phase form after few minutes at rest (image at pH= 1.8 in Figure 7a). Upon increasing pH to its initial on-plateau value followed by standard homogenization, it is possible to recover an emulsion gel with comparable mechanical properties. This behavior is observed for both PEC-based o/w emulsions, and it can be visioned in Video 1 as multimedia support in the Supplementary Material. This observation points out the crucial role of complex coacervates in the stabilization mechanism of the emulsions. Another argument in favor of this hypothesis is that the emulsions stability depends on parameters that strongly affect the complex coacervates; that is the state of emulsions and coacervates seems to be closely connected. 

Mechanism of stabilization of emulsion gels: Pickering effect

Emulsions stabilized by SL-CHL and SL-PLL form stable, pH-reversible solid-like systems, compared to those stabilized by either SL or CHL (Figure 1) prepared as references and which behave as liquid fluids. We have also shown the crucial impact of pH, which has to be set onplateau of the SL-PEC turbidity curve, where SL and PEC form complex coacervates, which play an essential role in the stabilization of the oil-water interface. Complex coacervates have a spheroidal morphology with size ranging from about 50 nm to several hundred nanometers, depending on the composition and pH. [START_REF] Ben Messaoud | Complex coacervation of natural sophorolipid bolaamphiphile micelles with cationic polyelectrolytes[END_REF] The remaining question is the mechanism underlying emulsion's stability coacervates. The latter have an amphiphilic character and are surface-active, as highlighted by the surface tension measurements (Figure 2).

To elucidate the emulsion stabilization mechanism by the SL-PEC complex coacervates, it's essential to discuss the behavior of interacting surfactants-PEC systems at the interface. The complexation of surfactant and polymers and their adsorption behavior on water /air or solid surface were critically reviewed [START_REF] Guzmán | Polymer-surfactant systems in bulk and at fluid interfaces[END_REF].

The behavior of oppositely charged polymer-surfactant at air-water interface was previously investigated using surface tension measurements, neutron reflectivity or ellipsometry [START_REF] Asnacios | Mixed monolayers of cationic surfactants and anionic polymers at the air-water interface: Surface tension and ellipsometry studies[END_REF][START_REF] Asnacios | Mixed monolayers of polyelectrolytes and surfactants at the air-water interface[END_REF][START_REF] Taylor | The adsorption of oppositely charged polyelectrolyte/surfactant mixtures at the air/water interface: Neutron reflection from dodecyl trimethylammonium bromide/sodium poly(styrene sulfonate) and sodium dodecyl sulfate/poly(vinyl pyridinium chloride)[END_REF].

It showed that poly(sodium-4-styrene sulfonate) (PSSNa) -dodecyltrimethylammonium bromide (DTAB) and poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS)-DTAB or PAMPS-hexadecyltrimethylammonium bromide (CTAB), result in the formation of a multilayer structure at the air/water interface. It's presumed that the interface is composed of an initially adsorbed surfactant monolayer associated with the surfactant-polyelectrolyte complex. The latter are of an identical or a different structure from the complex, which are in bulk. It's assumed that these structures are surfactant micellar-like aggregates adsorbed on the polymer chains, while other studies suggested the formation of interfacial gels or microgels [START_REF] Monteux | Adsorption of Oppositely Charged Polyelectrolyte/Surfactant Complexes at the Air/Water Interface: Formation of Interfacial Gels[END_REF]. Chitosan cannot stabilize emulsions when it is water-soluble at acidic pH. To solve this problem, a recent work [START_REF] Ren | Switching Pickering emulsion stabilized by Chitosan-SDS complexes through ion competition, Colloids Surfaces A Physicochem[END_REF] has shown the beneficial use of SDS with chitosan at acidic pH.

Chitosan-SDS stabilize emulsions by forming either insoluble flocs or polymeric surfactant, depending on the molecular weight of the cationic polysaccharide, which preferentially adsorb at the water-oil interface.

Generally, the presence of oppositely charged surfactant -PEC molecules result in their cooperative adsorption at fluid interfaces [START_REF] Goddard | Polymer/surfactant interaction: Interfacial aspects[END_REF]. However, this synergistic effect tends to disappear when the free surfactant concentration is high enough to compete for the interface's available area [START_REF] Klebanau | Equilibrium behavior and dilational rheology of polyelectrolyte/insoluble surfactant adsorption films: Didodecyldimethylammonium bromide and sodium poly(styrenesulfonate)[END_REF].

In the present work, pH-induced complex coacervates are formed between a cationic PEC (CHL or PLL) and a bolaform surfactant above its CMC. In this regard, it was previously shown that the air/water interface stabilization for sufficiently high surfactant concentrations is two diffusion-controlled adsorption processes with the first adsorption of free surfactant molecules followed by the adsorption of polymer-surfactant complexes [START_REF] Campbell | Dynamics of adsorption of an oppositely charged polymer-surfactant mixture at the air-water interface: Poly(dimethyldiallylamnionium chloride) and sodium dodecyl sulfate[END_REF]. However, this diffusive control is closely related to the bulk's complexation state as demonstrated for polyethylenimine-sodium dodecylsulfate system and where the interfacial adsorption process (diffusion or non-diffusion controlled) is pH-dependent [START_REF] Angus-Smyth | Effects of bulk aggregation on PEI-SDS monolayers at the dynamic air-liquid interface: Depletion due to precipitation versus enrichment by a convection/spreading mechanism[END_REF]. Therefore, the sequential adsorption of the free surfactant and surfactant-PEC complexes is not a general feature.

At first glance, it is reasonable to think that the adsorption of SL-PEC complexes will be slower than the single SL and PEC components due to their larger size. However, one should note that during the coacervation process, complex coacervates are formed and are in a thermodynamic equilibrium with diluted phase composed of SL and PEC. Predicting whether the remaining free SL concentration is below or above the CMC is difficult.

Based on the general surfactant-PEC interfacial behavior, two mechanisms seem to be conceivable: i) the complex coacervates reorganize into a continuous protecting layer surrounding the oil droplets, [START_REF] Lindman | Polyelectrolytesurfactant association-from fundamentals to applications[END_REF] classically described in the literature, or ii) the coacervates adsorb on the oil droplet surface and stabilize the emulsion by a Pickering effect, as shown for emulsions stabilized using polysaccharide-protein like zein-based colloids [START_REF] Dai | Development of stable high internal phase emulsions by pickering stabilization: Utilization of zeinpropylene glycol alginate-rhamnolipid complex particles as colloidal emulsifiers[END_REF] and chitosangliadin coacervates [START_REF] Li | The formation and characterization of antioxidant pickering emulsions: Effect of the interactions between gliadin and chitosan[END_REF]. In the latter scenario, a stabilization by solely the coacervates or a diffusion-controlled adsorption of first SL molecules forming a surfactant monolayer followed by the coacervates structures are both conceivable.

To elucidate the emulsions' stabilization mechanism by SL-PEC complex coacervates, we engaged a microscopy study using CLSM and cryo-SEM. These techniques are selected because they allow exploration of the as-prepared o/w interface without sample drying, thus avoiding artifacts. indicate that the aqueous medium contains an excess of PLL, while the oil droplet's surface is rich in SL micelles. Two events could possibly explain this evidence: 1) the actual lipid-topolyelectrolyte ratio may not be optimized, meaning that unbound polyelectrolyte and lipid will have different affinities, respectively, for water and oil-water interface; 2) the lipid-topolyelectrolyte ratio is indeed optimized, but a fraction of the PEC and lipids dissociates in the oil-water medium. Further experiments are required to draw clear-cut conclusions.

Additional insight into the water-oil interface is provided by complementary cryo-SEM experiments, of which the resolution is much higher than CLSM, limited to around 250-300 nm. Such observation is in good agreement with what was observed for Pickering water-in-oil emulsion stabilized by poly(N-isopropylacrylamide) microgels. [START_REF] Destribats | Waterin-oil emulsions stabilized by water-dispersible poly(N-isopropylacrylamide) microgels: Understanding anti-Finkle behavior[END_REF] On the contrary, Figure 9c-d show a single oil droplet massively surrounded by discrete colloidal particles. Figure 9d shows, in particular, a closer look at a particle surface covered with colloids. A similar The estimated size of these colloids is in the order of 50 nm, in good agreement with the smallest complex coacervates observed before by cryogenic transmission electron microscopy. [START_REF] Ben Messaoud | Complex coacervation of natural sophorolipid bolaamphiphile micelles with cationic polyelectrolytes[END_REF] Cryo-SEM was previously performed on various Pickering emulsion systems. A similar oil droplet surface covered with particles prepared from surfactants [START_REF] Kurukji | Interfacial behaviour of sodium stearoyllactylate (SSL) as an oil-in-water pickering emulsion stabiliser[END_REF], proteins [START_REF] Xiao | Kafirin nanoparticles-stabilized Pickering emulsions: Microstructure and rheological behavior[END_REF], and soft deformable microgels [START_REF] Destribats | Emulsions stabilised by whey protein microgel particles: Towards food-grade Pickering emulsions[END_REF] have been observed.

As expected, cryo-SEM provides a complementary view of the droplet surface, showing that it is composed of small colloids (<< 1 μm) undetectable by CLSM. Based on CLSM and cryo-SEM observations, we observe that the o/w interface is characterized by a massive presence of spheroidal colloids of typical complex coacervates size. For this reason, we can exclude the stabilization mechanism through the rearrangement of the coacervates during the emulsification process into a continuous layer surrounding the oil droplets. [START_REF] Dardelle | Delivery Systems for Low Molecular Weight Payloads: Core/Shell Capsules with Composite Coacervate/Polyurea Membranes[END_REF] Although the elucidation of emulsion stabilization mechanism through PEC complex remains challenging, [START_REF] Bago Rodriguez | Emulsion stabilisation by complexes of oppositely charged synthetic polyelectrolytes[END_REF][START_REF] Bago Rodriguez | Novel stabilisation of emulsions by soft particles: Polyelectrolyte complexes[END_REF][START_REF] Bago Rodriguez | Emulsions Stabilized with Polyelectrolyte Complexes Prepared from a Mixture of a Weak and a Strong Polyelectrolyte[END_REF] we are prone here for a colloidal stabilization, thus identifying a typical Pickering effect. This assumption is also coherent with the gel properties (𝐺 ′ > 𝐺 ′′ ) of the emulsions, where 𝐺 ′ is in the order of 100 Pa, as typically found for Pickering emulsions at comparable oil fractions (Table 2).

Traditionally, the Pickering stabilization mechanism is generally associated with the presence of rigid particles at the oil-water interface and which generally share some common feature like the partial particles wettability by both the water and oil phase [START_REF] Binks | Chapter 1. Emulsions -Recent Advances in Understanding[END_REF]. Recent work has shown a Pickering effect even when soft (Young's modulus in the order of kPa) colloids are employed like microgels [START_REF] Richtering | Responsive emulsions stabilized by stimuli-sensitive microgels: Emulsions with special non-pickering properties[END_REF][START_REF] Wiese | Microgel-stabilized smart emulsions for biocatalysis[END_REF]. In contrast with solid particles (Young's modulus in the order of GPa), microgels are fully swollen by the water phase but still adsorb at the oil droplet surface. Moreover, an additional factor, particle deformability, plays an essential role in the emulsion stabilization mechanism. Other soft colloid systems like PEC-PEC and polysaccharide-protein complexes coacervates seem to share some standard features with the microgels systems [START_REF] Bago Rodriguez | Emulsion stabilisation by complexes of oppositely charged synthetic polyelectrolytes[END_REF][START_REF] Li | The formation and characterization of antioxidant pickering emulsions: Effect of the interactions between gliadin and chitosan[END_REF][START_REF] Xiong | Ovalbumin-carboxymethylcellulose complex coacervates stabilized high internal phase emulsions: Comparison of the effects of pH and polysaccharide charge density[END_REF]. The stabilization of the o/w interface in the present work then joins the latter category, as by definition a complex coacervate is a liquid-liquid phase separation, hence with an expected Young's modulus less than the kPa.

All in all, PESC coacervates composed of a mild surfactant with tunable charge can be used as Pickering stabilizers for o/w emulsions without major changes in their colloidal structure, as long as the emulsion is prepared in the region of complex coacervation. If one cannot exclude partial diffusion of the surfactant and the polyelectrolyte respectively towards the o/w interface and water phase, the overall morphology and size of the complex coacervates is comparable to what it is found in solution. The elastic properties of the emulsions are then comparable to those Pickering emulsions obtained by both hard and soft colloids. 

Conclusion

In this work, we show that polyelectrolyte-surfactant complex (PESC) coacervates act as efficient emulsion stabilizers through a Pickering effect, thus adding PESCs coacervates to the family of soft colloidal Pickering emulsion stabilizers along with microgels, PEC-PEC or PEC-protein complexes. PESC coacervates do not disassemble at complex o/w interfaces and they actually show an amphiphile character, necessary to settle at the o/w interface. The use of sustainable sophorolipid biosurfactants demonstrate that micelles with a variable charge and less marked amphiphilic character [START_REF] Manet | Structure of Bolaamphiphile Sophorolipid Micelles Characterized with SAXS, SANS, and MD Simulations[END_REF] can be successfully associated to natural polyelectrolytes. Pickering emulsions based on this new class of PESC coacervates are entirely biobased and ecofriendly but also stable and pH-responsive, two characteristics that could be reached with classical petrochemical surfactants.

o/w emulsions are prepared by varying the oil volume fraction and are stable up to Φoil = 0.7, larger, than the oil fraction stabilized using polysaccharide-surfactant complexes, like cellulosesurfactant (50%) [START_REF] Hu | Surfactant-enhanced cellulose nanocrystal Pickering emulsions[END_REF][START_REF] Huan | Formulation and Composition Effects in Phase Transitions of Emulsions Costabilized by Cellulose Nanofibrils and an Ionic Surfactant[END_REF][START_REF] Bai | Formulation and Stabilization of Concentrated Edible Oil-in-Water Emulsions Based on Electrostatic Complexes of a Food-Grade Cationic Surfactant (Ethyl Lauroyl Arginate) and Cellulose Nanocrystals[END_REF], chitosan-sodium dodecylsulfate [START_REF] Ren | Switching Pickering emulsion stabilized by Chitosan-SDS complexes through ion competition, Colloids Surfaces A Physicochem[END_REF] and chitosansodium sodium decane-1-sulfonate surfactant (~ 26 %) [START_REF] Senra | Surfactant-polysaccharide complexes based on quaternized chitosan. Characterization and application to emulsion stability[END_REF]. The system's typical rheological signature corresponds to a gel with 𝐺′ in the order of 100 Pa, typical of Pickering emulsions obtained with proteins, [START_REF] Xiao | Kafirin nanoparticles-stabilized Pickering emulsions: Microstructure and rheological behavior[END_REF][START_REF] Knudsen | Droplet surface properties and rheology of concentrated oil in water emulsions stabilized by heat-modified β-lactoglobulin B[END_REF] microgels [START_REF] Li | Stimuli-responsive gel emulsions stabilized by microgel particles[END_REF] or cellulose nanocrystals [START_REF] Bai | Pickering emulsions by combining cellulose nanofibrils and nanocrystals: Phase behavior and depletion stabilization[END_REF] (Table 2). The Pickering effect is shown by a combination of CLSM and cryo-SEM, highlighting the massive presence of coacervates at the oil/water interface.

The pH-responsive feature of the SL-PEC stabilizer and their biobased nature make it an attractive candidate for a wide range of applications and where temporary controlled stability is required, like the on-demand release of functional bioactive molecules for biological applications. However, the free surfactant and PEC molecules' implication level in the stabilization process and understanding the adsorption mechanism of the complex coacervates at the oil surface droplets and their potential structural modification, like deformation remains a significant challenge and should stimulate future investigation. 

  7 and 8.5 for PLL (Figure S 1).

Figure 1 -

 1 Figure 1 -Turbidity profile (100%-T, empty circles) as a function of pH for a SL-CHL mixture (CSL= 5 mg/mL; CCHL= 1.4 mg/mL, data reproduced from Ben Messaoud et al.,[42] Complex coacervation is maximized on-plateau, here between pH 5.5 and 7. Each vial along the pH curve contains o/w emulsion with a Φoil of 0.5 and an SL-CHL solution prepared at different pH-values(indicated on top of each vial). The two control vials in the black box refer to o/CHL-(left-hand side, SL-free) and o/SL-(right-hand side, CHL-free) emulsions respectively prepared at pH= 4.97 and pH= 5.99 (Φoil= 0.5).

Figure 2 -

 2 Figure 2 -a, b) Dynamic surface tension experiments using the pending drop apparatus of water. Composition of the solutions: water (mQ-grade water, no pH adjustment), CHL (1.4 mg/mL, pH 5.7), PLL (2 mg/mL, pH 6.3), SL (5.0 mg/mL, pH 5.7 in a) and pH 6.3 in b)), SL-CHL (respectively 5.0 and 1.4 mg/mL, pH 5.7), SL-PLL (respectively 5.0 and 2 mg/mL, pH 6.3). c-e) Images of characteristic pendant drops (12 ± 1 µL) composed of c) water 72 mN/m, d) SL-

Figure 3 -

 3 Figure 3 -Increasing Φoil in an o/w emulsion. The aqueous phase, at pH= 5.74 (strong turbidity plateau in Figure 1), contains a solution of complex coacervates composed of SL and CHL (CSL= 5 mg/mL; CCHL= 1.4 mg/mL). The pictures are taken four hours after emulsion preparation.

  microscopy. Thus, small pH variation does not seem to significantly influence the average oil droplet size distribution above the micron (size distribution in Region 2 and Region 3 are similar); however, when coacervates are prepared, on-plateau, strong aggregation and small size are common features.
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 4 Figure 4 -Optical microscope images of o/w emulsion (Φoil= 0.7) stabilized by a solution of complex coacervates composed of (a-b) SL and CHL (CSL= 5 mg/mL; CCHL= 1.4 mg/mL) at pH= 5.06 (off-plateau, Figure 1), pH= 6.35 (onplateau, Figure 1) and (d-e) SL and PLL (CSL= 5 mg/mL; CPLL= 2 mg/mL) at pH= 6.27 and pH= 7.96 (both pH values are chosen to be on the strong turbidity plateau, see Figure S 1). For all samples, the fitted log-normal function, is plotted on c) for SL-CHL and f) for SL-PLL.
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 1325 , compared to SL-CHL and is related to the difference between the pKa values of SL and those of PLL (~10.5) and CHL (~6.5) and to the insolubility of CHL at pH> 7.[START_REF] Ben Messaoud | Complex coacervation of natural sophorolipid bolaamphiphile micelles with cationic polyelectrolytes[END_REF] Optical microscopy images in Figure4c,d show a homogeneous distribution of well-dispersed oil droplets stabilized by SL-PLL complex coacervates prepared at the beginning (pH 6.27) and the end (pH 7.96) of the corresponding SL-PLL plateau. The mode of the distribution lies between 7 µm and 10 µm and it does not seem that pH has any significant influence neither on size nor on aggregation once the system is on-plateau. Comparing both SL-PEC emulsions using optical microscopy, one could observe that oil droplets stabilized by SL-PLL and SL-CHL are of comparable sizes. Rheological properties of the o/w emulsions All o/w emulsions prepared on-plateau region form a three-dimensional network that does not flow upon the vial inversion test. To quantify the mechanical properties of the obtained emulsions, oscillatory shear rheological characterization is performed. The shear strain and frequency dependence of the storage (𝐺′) and loss (𝐺′′) moduli are shown in Figure The shear strain dependence of 𝐺′ and 𝐺′′of o/w emulsion stabilized with SL-CHL and SL-PLL and prepared at different pH values are shown in Figure 5a and Figure 5c, respectively.

  It's interesting to note that the LVER range of o/w stabilized by SL-CHL is pHdependent and, more precisely, on the coacervation region. At pH= 5.06, in Region 2, the linear domain extends to 𝜸 𝒄 ~ 0.83 % and 𝜸 𝒄 ~ 30 % at pH 5.70 and pH 6.35, on plateau (Figure5). 𝜸 𝒄 increases with pH, and it shows that emulsion gels are more sensitive to shear at off-plateau. While the LVER of o/w stabilized by SL-PLL (Figure5c) extend to 𝜸 𝒄 ~ 3 % and 𝜸 𝒄 ~ 4 % at pH 6.27 and pH 7.96, respectively.The frequency sweep experiments (Figure5b,d) show that 𝐺′(𝜔) is higher than 𝐺′′(𝜔) all over the angular frequency range confirming that the emulsions have predominantly elastic rather than viscous character. The 𝐺′(𝜔) spans between 113 -135 Pa and between 48-56 Pa for o/w emulsions stabilized with SL-CHL and SL-PLL; respectively. The rheological measurements of the concentrated emulsion (Φoil= 0.7) could be assumed to an indirect characterization of the o/w interface strength. In fact, for highly concentrated emulsion (Φoil > Φ* = 0.64, where Φ* is the random close packing), the elasticity of the emulsion is governed by the energy storage at the interfaces.[START_REF] Mason | Elasticity of compressed emulsions[END_REF] The frequency sweep experiments highlight nearly frequency-independent storage moduli (𝐺 ′ () ∝  𝛼 with 𝛼 < 0.08) with 𝐺 ′ varying between 40 -200 Pa for a series of rheological experiments conducted on o/w emulsions for Φoil = 0.7. The variation of 𝐺 ′ values from one sample to another could be related to a number of concomitant factors; theoretical models show that the storage modulus (𝐺 ′ ) of concentrated emulsions is inversely proportional to the emulsion droplet radius (𝑟) but directly proportional to the interfacial tension (𝜎) and Φ(Φ-Φ * ) (Princen:[59] 𝐺 ′ ∝ 1.77Φ
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 5 Figure 5 -Storage (G´) and loss (G´´) moduli as a function of (a,c) strain, , and (b,d) oscillation frequency, ω, for (a,b) SL-CHL and (c,d) SL-PLL o/w emulsion (Φoil= 0.7). Experiments show the dependency on the pH of the aqueous phase. CSL= 5 mg/mL; CPLL= 2 mg/mL; CCHL= 1.4 mg/mL. Strain sweep measurements are carried out at 6.28 rad/s while frequency sweep is done at γ= 0.3 %. In a,b), pH 5.06 is off-plateau (Figure 1), pH= 5.70, 6.35 are on-plateau (Figure 1). In c,d) both pH are on-plateau (Figure S 1).
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 6 Figure 6 -Evolution of storage (𝑮 ′ ) and loss (𝑮 ′′ ) moduli during step-strain experiments on a oil-in-water emulsion gel (Φoil= 0.7). The aqueous phase (pH= 6.27, on-plateau, Figure S 1) contains a solution of SL-PLL complex coacervates (CSL= 5 mg/mL; CPLL= 2 mg/mL).

  The optical microscope images and the corresponding droplet size distribution of o/w stabilized by SL-CHL coacervates at pH 5.7, after preparation and following destabilization -re-emulsification by pH change treatment, are shown in Figure 7b-c. Optical microscope images of the initial o/w emulsion highlight the main droplet population with a diameter below 3 µm and a second minor population of larger droplets, between 15 and 35 µm. While the obtained emulsion after pH change treatment shows two populations with a diameter below 3 µm and a diameter between 10 and 20 µm. Fitting the droplet size distribution to a log-normal distribution function highlights a similar mode around 3 µm for both emulsions. The variation of the emulsions droplet size distribution, before and after pH change treatment, could explain the small variation of the resulting rheological properties and suggest potential rearrangement of the coacervates phase at the o/w interface.
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 7 Figure 7 -Comparison of the storage modulus (ω= 6.28 rad/s, γ= 0.3 %) of o/w emulsion gels (Φoil= 0.7) containing complex coacervate solutions composed of a) SL-CHL (CSL= 5 mg/mL; CCHL= 1.4 mg/mL, pH= 5.70) and b) SL-PLL (CSL= 5 mg/mL; CPLL= 2 mg/mL, pH= 6.27) after a pH-change treatment. Both emulsion gels are prepared on-plateau (Figure 1 for SL-CHL and Figure S 1 for SL-PLL) at the optimum pH; pH is lowered below the complex coacervation region: phase separation occurs; pH is increased back to its optimum value on the plateau, emulsions are homogenized again according to the procedure described in the materials and methods section: emulsion gels are obtained again. Symbols b* and c* indicate the samples used for optical microscopy images and emulsion droplets distribution of the o/w stabilized by SL-CHL complex, respectively at pH 5.7 b) after emulsion preparation and c) after pH change treatment. A full video of the pH-dependent emulsification process is given in Video 1 as a Multimedia support in the Supporting Information.

Figure 8

 8 Figure8presents a series of CLSM images of o/w emulsion stabilized by SL-PLL complexes and labeled with FITC-PLL (green, single labeling, Figure8a-c) or both FITC-PLL and Rhodamine-labeled lipids (green/red, double labeling, Figure8d-f). The single labeling CLSM image (Figure8a) shows that green fluorescence (FITC-PLL and more likely PLL-SL coacervates) is visible only at the oil-water interface with the formation of an interconnected network due to the bridging of the emulsion droplets. Figure8bshows the top surface of an oil droplet covered with discrete green-fluorescent particles, the size of which is contained

Figure

  Figure 8d-f, corroborated by additional experiments shown in Figure S 5 and presented in Video 2 and Video 3 as a Multimedia support in the Supporting Information, show droplets, of which the surface contains both red-(Figure 8d, Figure S 5a, Figure S 5d) and green-(Figure 8e, Figure S 5b, Figure S 5f) labeled colloids. Their specific co-localization, shown by the white/yellowish particles and interfaces in Figure 8f, Figure S 5c, Figure S 5g, proves that the colloids are composed of PLL and SL micelles. Interestingly, the continuous green background in Figure 8a,e and the homogeneous red surface of the droplets respectively

Figure 8 -

 8 Figure 8 -CLSM images from single labeling experiments: a) o/w emulsion at pH= 6.27 b) merged white and PLL-FITC green channel of a typical gelled emulsion composed of water and SL-PLL complex coacervates prepared at a plateau pH value (Figure 1, Figure S 1). Green particles correspond to complex coacervates containing FITC-labeled PLL. c) Size distribution of the complex coacervates, magnification of region (1) and corresponding Fourier Transform observed in a) (regions (2) and (3) are shown in the Supporting Information). d-f) CLSM images from double labeling experiments: d) the Rho-PE is given in red, e) the PLL-FITC in green and f) merged (red and green) channel CLSM images of a typical o/w emulsion stabilized by SL-PLL prepared at pH 5.64. For all experiments, the selected z-plane corresponds to the top surface of the oil droplets. Details on each experiment's methodology and composition are given in Table 1 in the materials and methods section. A full set of CLSM experiments is provided in Video 2 and Video 3 as a Multimedia support in the Supporting Information.

  observed in another sector of the same sample (Figure S 6c,d).
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 9 Figure 9 -Cryo-SEM images of o/w emulsions (Φoil= 0.7) and an aqueous solution of complex coacervates composed of (a-b) SL and PLL (CSL= 5 mg/mL; CPLL= 2 mg/mL) at pH= 6.55 (on-plateau, Figure 1), (c-d) SL and CHL (CSL= 5 mg/mL; CCHL= 1.4 mg/mL) at pH= 6.22 (on-plateau, Figure S 1).
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 12 Figure S 1 -Turbidity profile (100%-T) as a function of pH for SL-PLL mixture (CSL= 5 mg/mL; CPLL= 2 mg/mL, data reproduced from Ben Messaoud et al., 1 Complex coacervation is maximized on-plateau, between pH 6 and pH 8.5

Figure S 3 -

 3 Figure S 3 -Magnification of regions (2) and (3) and related Fourier Transform corresponding to the Single labeling experiment shown in Figure 8b in the main text.
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 45 Figure S 4 -CLSM images from single labeling experiments of o/w emulsion at pH= 6.27. Merged white and PLL-FITC green channel of a typical gelled emulsion composed of water and SL-PLL complex coacervates prepared at a plateau pH value. Green particles correspond to complex coacervates

Figure S 6 -

 6 Figure S 6 -Additional cryo-SEM images of o/w emulsions (Φoil= 0.7) and an aqueous solution of complex coacervates composed of a-b) SL and PLL (CSL= 5 mg/mL; CPLL= 2 mg/mL) at pH= 6.55. c-d) SL and CHL (CSL= 5 mg/mL; CCHL= 1.4 mg/mL) at pH= 6.22.

  

  

Table 1 -Concentration values used to prepare labeled SL-PLL complex coacervate solutions. 𝒎 𝒙 𝒎 𝒚 and 𝒎𝒐𝒍 𝒙 𝒎𝒐𝒍 𝒚 respectively refer to mass and molar ratio between compounds x and y. All concentrations are intended in milli-Q- grade water before mixing with the oil phase. For both samples, stock solutions of FITC-PLL (CFITC-PLL= 1.43 mg/mL in water) and Rho-PE (CRho-PE= 2.69 mg/mL in absolute ethanol) are preventively prepared and stored at -18°C. Experiment CSL / mg/mL [SL] / mM CPLL / mg/mL CFITC- PLL / mg/mL CRho- PE / mg/mL [Rho- PE] / mM

 1 

	𝒎 𝑷𝑳𝑳 𝒎 𝑭𝑰𝑻𝑪-𝑷𝑳𝑳	𝒎𝒐𝒍 𝑺𝑳 𝒎𝒐𝒍 𝑹𝒉𝒐-𝑷𝑬	pH

Table 2 -Comparison between the typical storage moduli of emulsions measured using small amplitude oscillatory shear rheology at a frequency of 1 Hz.

 2 

	Stabilizer	Oil fraction	𝑮 ′ / Pa	Note	Stability	Ref
	surfactant	0.7	< 1		Yes	[61]
				According to		
	fish gelatin	0.7	2-20	gelatin	Yes	[62]
				concentration		
				According to		
	β-lactoglobulin B	0.6	1-200	physicochemical	Yes	[68]
				conditions		
	starch	0.67	70		Yes	[64]
	kafirin (protein)	0.7	100		Yes	[65]
	cellulose nanocrystals (CNC)	0.01 (1 wt%)	100	> 0.3 wt% CNC	Yes	[66]
	Microgels	0.7	100		Yes	[67]
	Sophorolipid-based PESC coacervates	0.7	100		pH-dependent	This work
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