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Looking back three years ago, the PhD was not an evidence for me. I have always believed in fate, and I am convinced that my desire to conduct a PhD resulte d from many meetings and good circumstances combined to my interest in sciences, and especially chemistry. I had to choose between biology and chemistry during my bachelor in biomedical sciences, and I would like to thank Karin Le Barch and Sandrine Calvet-Vitale (Paris V) to have tilted the balance towards chemistry and always supported me. I also need to thank all the people I have met during my

General introduction

Self-assembly is a spontaneous process, which drives the organization of disordered molecules into ordered structures, which can be associated to a precise function. DNA is probably the most representative example: its complex structure is a double helix resulting from the spontaneous se l fassembly of four base pairs via weak interactions, e.g., hydrogen bondings. Other biomolecules undergo interesting self-assembly processes leading to a large variety of supramolecular aggregate s: among them proteins or the large family of surfactants. The latter have been reported to organize into micelles, cylinders, tubes, vesicles, bilayers or fibers. Today, physico-chemical parame ters such as pH, ionic strength or temperature are able to tune specific properties from chemically sophisticated surfactants.

Within the context of this thesis, we are focused on a specific type of surfactants which has gai ne d a lot of interest over the past years: biosurfactants. Laboratoire de Chimie de la Matière Condensée de Paris, where I conducted my research, possesses an expertise concerning this fascinating class of molecules. Produced by microbial fermentation, they are entirely biosourced, biodegradable and present a large variety of interesting properties, which can be further extended by more and more structures obtained by genetic modification of the producing yeasts or chemical modifications. Especially, we will focus on two biosurfactants, which both possess a carboxylic acid function: the glucolipid G-C18:1, made of a single β-D-glucose hydrophilic headgroup and a C18:1 fatty acid tail (mono-unsaturation in position 9, 10), and SL-C18:0, composed of a sophorose (glucose β(1, 2)) headgroup and a stearic acid derivative. Their self-assembly behavior, deeply investigated at the l ab, is pH-dependent. My work went further by studying their behavior in presence of pH-responsive oppositely charged biopolymers. Before envisaging potential applications, it is crucial to unde rstand and control supramolecular assemblies of biosurfactant-biopolymer mixtures in aqueous me dia as a function of concentration, pH, ionic strength or temperature. Indeed, polymer-surfactant systems, including biopolymer-surfactant systems, benefit from both theoretical and experimental knowledge. However, within the context of respecting the environment, it is of current interest to replace these petrochemistry-based surfactants by biobased, biodegradable counterparts, whose phase behavior is identified and controlled. We have the chance to work with particularly interesting molecules for this purpose: most biosurfactants, if not al l , e xi st within several phases depending on external stimulus, especially pH. We thus expect to have acce ss to a large variety of structures upon mixing with biopolymers, each one with its own prope rti es and potential for different applications, only by playing with pH, e.g. the phase of the biosurfactant. I had a lot of opportunities during these three years. First, I attended four international confere nce s and could present my work in front of a large audience. I had the chance to develop new skills and discover various experimental techniques while travelling: synchrotron light source s i n France and United Kingdom, isothermal titration calorimetry (ITC) in Belgium… I was initiated to cell culture, even if this part of the project is the one I was the less involved in. Two papers were publ ishe d and two are under preparation (these latter present raw data, conclusion and discussion are ongoing). They present different parts of my work. I have also contributed to the writing of a review about self-assembly, interfacial properties, interactions with macromolecules and molecular modelling and simulation of biosurfactants. I have also taken part to different side projects, especially the stabilization of pH switchable pickering emulsions by polyelectrolyte biosurfactant complex coacervate colloids, in partnership with AYCC lab and supported by SATT. This manuscript includes two published and two unpublished papers written in Engl i sh, i t wi l l thus also be written in English for homogeneity purpose. It is divide d into five chapters. BIBLIOGRAPHIC CHAPTER will show how investigation and understanding of biosurfactantbiopolymer systems are quite recent fields and still deserve further highlights, where as surfactantpolymer systems have been well known for a long time. Literature is very abundant, that's why onl y major trends, which will be useful to better understand our systems, will be described. Three polymers, and more precisely the three biopolymers which will be discussed in this thesis, wi l l then be presented and their interactions with « model » chemical surfactants, in both diluted and concentrated regimes, will be detailed. In the context of concentrated regimes, classical hydroge ls, interpenetrated polymer network (IPN) and low molecular weight gelator (LMWG)-based hydrogel s will be presented. This chapter will then provide an overview of what are the biosurfactants and what is known about this young family of LMWG. The few knowledge available on biosurfactantbiopolymer systems will finally be discussed. CHAPTER I will discuss the pH-dependent interactions between biopolymers and biosurfactants and the resulting structures in diluted conditions (fixed below 1wt% in the specific context of this work). For the first time, isocompositional biosurfactant-biopolymer aqueous systems are studied through a fast and continuous variation of pH, to understand the structural effect under non-equilibrium conditions applied at the micelle-vesicle and micelle-fiber phase boundaries, while l iterature work was more often performed under pseudoequilibrium conditions. The two articles wri tte n base d on these results are included in this manuscript (Paper I and II). Both biosurfactants within their micellar state interact with all biopolymers to form complex coacervates. Then, pH-induced phase transi tion triggered inside the coacervate results in two different scenarios depending on the biosurfactant involved. The biosurfactant which undergoes a micelle -to-fiber phase transition does not interact anymore with the biopolymer and both fibers and biopolymer coexist, while the vesicle-forming biosurfactant evolves into multilamellar structures, with the biopolymer « sandwi ched » be twe en biosurfactants' layers.

CHAPTER II will focus on a precise structure obtained and its possible applications. Indeed, multilamellar structures, such as the ones we obtain for given conditions are promising candidates to encapsulate compounds of interest, like curcumin, a model hydrophobic compound with promisi ng anti-cancer properties. Strongly hydrophobic, it needs a stable amphiphilic medium to be di spe rsed and from which it can be released into cancer cells. Curcumin is encapsulated in multilamellar structures presented in Chapter I. These biosurfactant-based multilamellar structures were then found stable in cell culture media by in-situ SAXS measurements and polarized light microscopy, opening an alternative to classical phospholipid-based drug delivery systems. The wi de spre ad drug model curcumin was encapsulated, and the whole system remarkably exerted an enhanced therapeutic effect towards cancerous Hela cells compared to normal human dermal fibroblasts NHDF and macrophages THP-1. These results imply that side effects could be overcome in normal tissue compared to cancer cells, and that the system benefits from an increased circulation time in the bloodstream since it not targeted by macrophages THP-1, which usually clear foreign particles in vivo. This chapter will summarize the main synthesis conditions and will introduce the article including the most relevant results obtained in terms of encapsulation/cell viability (Project paper III).

CHAPTER III and IV will be devoted to the synthesis and characterization of hybrid biosurfactant/biopolymer hydrogels, the idea being to obtain a gel, which benefits fro m both the good mecanical properties of the polymer and the stimuli -responsiveness of the surfactant. In the se chapters, only one of the two biosurfactants employed in the previous parts will be used and the concentrations are increased compared to Chapters I and II. Each chapter is related to an article (Project papers IV and V), focused on the mechanical reinforcement and the responsivity to external stimuli, respectively. Indeed, we were able to develop biosurfactant-biopolymer hybri d hydrogel s, which not only exhibit improved mechanical properties compared to the single component's hydrogels, but also benefit from sensitivity to pH and temperature, two parameters easy to play with to control desired properties. 

« L'imagination est plus importante que le savoir » « Une personne qui n'a jamais commis d'erreurs n'a jamais tenté d'innover » « Un problème créé ne peut être résolu en réfléchissant de la même manière qu'il a été créé » Albert Einstein (1879-1955)

0.1 Surfactant-polymer systems Amphiphilic molecules are omnipresent in nature and especially essential in l i vi ng organi sms. Bi le salts solubilizing hydrophobic molecules in blood, pulmonary surfactant reducing the surface tension at the air/liquid interface in the lung, or phospholipids, constituting the outer membrane of cells, are just some crucial examples. Their interactions with polymers are the object of a large literature , thi s first section will thus focus on a precise family of amphiphiles, the surfactants.

Surfactants and water-soluble polymers are of great interest for many applications due to the i r ri ch underlying physicochemical mechanisms. If one has a look on the composition of diverse commercial products (cosmetics, paints, detergents, food, polymer synthesis, formulation of drugs and pesticides…), most of them contain at least one polymer combined with at least one surfactant. Their use targets specific effects, such as colloidal stability, emulsification, flocculation, structuring and suspending properties or rheology control, but sometimes they act in a synergistic way.

The present section, entirely based on a book chapter, 1 will summarize the interactions between different types of polymers, especially water-soluble homopolymers and graft copolymers, and various classes of surfactants. A comparison with other mixed solute systems will be conducted to highlight similarities/differences with surfactant-surfactant and polymer-polymer mixed solutions.

Polymer-induced surfactant aggregation

The main role of a surfactant is to lower the interfacial tension between two phases, often an aqueous and an apolar one. The surface tension is a parameter of importance in adsorption, wetting, catalysis, or distillation among numerous physical phenomena, with di rect involvement in the conception of industrial products in coating, food, detergents, cosmetics, to cite the main ones. Surface tension is defined as the energy required to create a unit area of interphase 2 and surfactants are able to lower the surface tension of water at the water-air interface from about 70 mN/m to about 25 to 40 mN/m. Micromolar amounts of a surfactant in water induce that the water-air interface is occupied by surfactant monomers, pointing the hydrophilic headgroup towards water and the hydrophobic chain towards air. This phenomenon implies the reduction in surface tension and the increase in surfactant packing at the interface. The surfactant will then reach the condi ti ons of maximum packing and will start aggregating in the bulk solution into spheroidal aggregates known as micelles. Aggregation occurs for a concentration called critical micelle concentrati on, commonly written CMC. It refers to CMC1 (between 10 -5 and 10 -1 M, according to the molecule structure), and differs from CMC2, the concentration value above which micellar growth is rapidly complete d. 3 The CMC is modified if the solution contains a polymer, especially for ionic surfactants. The effect of a polymer on the surface tension of an aqueous solution will depend on the su rfactant concentrati on, as illustrated by the example of SDS solutions, of which surface tension was determined as a function of surfactant concentration at various concentrations of poly(vinyl pyrrolidone) (PVP). 4 At low surfactant concentration, the surface activity of the polymer may drive the lowering of the surface tension. However, the surface tension curve shows a break and reaches a more or less constant value for some concentrations. The surface tension, γ, is then constant in a concentration regi on whi ch i s determined by the polymer concentration. The curve finally decreases towards the γ value re ported for the polymer-free surfactant solution.

The following interpretation of the concentration dependence of γ in the presence of a pol yme r can be defended: there exists a concentration, known as the critical association concentration (CAC), from which the surfactant starts to associate to the polymer. This implies that the surfactant acti vi ty does not further increase and consequently that γ does not decrease anymore. The polymer being then saturated with surfactant, the surfactant concentration increases as well as its activity: γ is lowered down to the surfactant CMC. The γ value is not further modified above this conce ntration, and the surfactant starts to self-assemble into micelles.

Figure 1 shows a binding isotherm, which does not show any significant interaction at low surfactant concentrations. A strongly cooperative binding occurs at the CAC, above which the level reaches a plateau before the free surfactant concentration increases until the surfactant activity, or the surfactant concentration, meets the curve related to the polymer-free case. Firstly, i n Fi gure 1, the range of concentration is close to micelle formation and then Figure 1 emphasizes a strong decre ase of the CMC. A typical experiment experimental system is given by PVP associated to sodium alkyl sulfates. 5 Figure 1 -"The binding isotherm of a surfactant to a polymer without distinct hydrophobic moieties, giving the concentration of bound surfactant as a function of the free surfactant concentration, can be interpetrated as a lowering of the surfactant CMC by the polymer, or a strongly co-operative binding " 1 0.1.2 Phase behavior of polymer-surfactant mixtures

0.1.2.

General aspects

Polymer-surfactant and polymer-polymer systems display a similar behavior. Phase separation has an extent determined by the degree of polymerization of the polymer and may vary with the conditions which have an influence on the surfactant's micelle size.

Specific interactions between the polymer and the surfactant, such as hydrophobic one s, may have different and even opposed effects on the phase behavior of polymer-surfactant systems. Indeed, phase separation will be enhanced for non-ionic systems whereas it will be decreased in the case of ionic ones. The formation of a concentrated phase containing polymer and surfactant in a charge stoichiometric ratio and a dilute phase enriched in any excess of either surfactant or polymer is expected for a mixture of oppositely charged polymer and surfactant, but a hydrophobically modified polymer will not favor this process due to its association with the micelles in the concentrated phase, whose charge stoichiometry will be disrupted, resulting in its swelling. Associative phase se paration is thus restricted to a limited concentration region for a mixture of oppositely charged hydrophobically modified polymer and surfactant.

Upon mixing two surfactants, no segregative phase separation will occur: they are likely to form mixed aggregates whose additional contribution to the entropy of mixing is high. However, an associative phase separation is generally displayed in the case of two oppositely charged surfactants.

This charge-dependent phase behavior of polymer-surfactant systems is summarized in Table 1. We will comment it below, keeping in mind that if opposite and similar charges, respecti vely, dri ve attractive and repulsive electrostatic interactions between surfactants and polymers, other parameters are to be considered, including hydrophobic effects, whose strength must not be underestimated in some cases and which can even be leveraged by grafting hydrophobic groups , for instance.

Non-ionic systems

Association between the two cosolutes is largely observed for mixtures of a surfactant and an hydrophobically-modified (HM) polymer. Even if many homopolymers were found to facili tate micelle formation of an ionic surfactant, an associative interaction is not so evident since there is mostly no net attractive interaction.

Two polymers in solution in a common solvent only exhibit a weak entropic driving force of mi xi ng , which induces segregation. Two solutions result from this process, each phase being enriched in one of the two polymers. Phase-separation is more likely observed for polymers with high molecular

0.1.2.

Introduction of charges

Phase separation can deeply be affected when charged groups are introduce d in the solutes. The solubility of uncharged polymers can be significantly increased when they turn to corresponding electrolytes, mainly due to the entropy of the counterion distribution. In mixed polymer systems, there are various consequences of the electrostatic interactions. A first consequence is the low predisposition to phase separation in a mixed solution of a non-ionic and an ionic polymer, which can however be inhibited upon addition of an electrolyte, resulti ng in a typical incompatibili ty be tw een the polymers.

Such effects are also considered in the case of mixed polymer-surfactant solutions. Introducing i oni c groups, or ionic surfactants, allows to increase the charge of the polymer, or the micelles, respectively, resulting in increased polymer-surfactant miscibility. Addition of electrolytes also cancel these charge effects. If the polymer bears the same charge, there is no improvement compared to the parent non-ionic mixture and incompatibility remains.

Mixed ionic systems

A strong association behavior, causing phase separation, occurs in mixtures of two polye le ctrolytes with opposed charges, as well as mixtures of oppositely charged polyelectrolyte and surfactant.

The CMC is decreased by orders of magnitude for surfactants with a long chain, which undergo a strong associative phase separation. The phase separation of an aqueous mixture of oppositely charged polyelectrolyte and surfactant results in a dilute phase which coexists with a highl y vi scous phase concentrated in both polymer and surfactant.

The surfactant alkyl chain length and the polymer molecular weight drive the extent of phase separation.

The Coulombic attraction enriches the surface of highly charged micelles and polyelectrolyte molecules with counterions. The association triggers a transfer of the counterions of both cosol ute s into the bulk; there is an entropy gain which explains a prefered associative phase separation without salt.

Attractive polymer-surfactant interactions depend on both polymer and surfactant

There exists two descriptions of mixed polymer-surfactant solutions. The first description i s the one of an interaction based on a (strongly cooperative) association, or binding, of the surfactant to the polymer, whereas the second one supports a micellization of surfactant on, or in the vicini ty of, the polymer chain. Even if both are useful and are widely overlapping, the binding approach will be preferred for polymers with hydrophobic groups, whereas the micelle formation description is more accurate for hydrophilic homopolymers.

Concerning the aggregation behavior of these systems and the resulting structures, one is commonl y preferred in the case of mixed solutions of ionic surfactants and homopolymers: the « pearlnecklace » model, which describes the formation of discrete surfactant micellar-li ke cl usters al ong the polymer chain. The micelles' size is not influenced by the presence of the polymer and the aggregation numbers can be slightly lower when micelles form in presence of a polymer.

With respect to variation in surfactant alkyl chain length, solubilization, micelle structure and dynamics essentially, the micellization is not so different from the one of the lone surfactant. The free energy of association should be led by the contribution of the hydrophobic effect be tween the alkyl chains, which will be however sensitive to mainly two factors described in the following lines.

If the surfactant and the polymer both contain a charge, electrostatic interactions will obviously occur; a quite strong association can even be expected if they are oppositely charged, but will coexist with the repulsive interactions already present between charged polymer molecules or between charged surfactant molecules. In particular, an increased concentration of counterions at the aggregate surface to the detriment of the bulk triggers an entropy loss which unfavors self-assembly and induces ionic surfactants to have CMCs orders-of-magnitude higher than non-ionic ones.

These arguments suggest that ionic surfactants interact with many water-soluble polymers. This is particularly true for anionic surfactants, as the higher degree of counterion binding of cati oni c one s limits interactions which are significantly weaker in this case. Concerning non-ionic surfactants, the y are not expected to interact with hydrophilic homopolymers, since no further stabilization of micelles is possible, but will spontaneously associate to hydrophobic polymers by the hydrophobic effect.

Applications of polymer-surfactant-mixtures

Using a combination of a polymer and a surfactant may target different goals: they can together control phase behavior, interfacial properties or the formation of networks because of association. A major, well studied and now understood use of this kind of combination is to p erform an accurate rheology, especially thickening or gelation effects. The design of stimuli -responsive systems based on hydrophobically modified water-soluble polymers or homopolymers can be envisaged, for example a system whose gelation is induced upon increasing the temperature.

An example of phase behavior effect is the solubilization of water-insoluble pol ymers, such as the increased of the cloud point of a polymer solution when an ionic surfactant is added. The pol yme rinduced micellization reduces the surfactant concentration and thus decreases its activity, a poi nt to keep in mind to achieve elimination of a surfactant-induced irritation.

Suspensions can be stabilized for example, taking advantage of the interfacial behavior of surfactantpolymer mixtures, which depends on how different pair interactions interplay. Removing the surfactant from a surface and enhancing its adsorption are two opposite effects which can howe ve r both be achieved by addition of a polymer, and vice versa. The final effect w ill depend on how polymer-surfactant complexes behave in solution and at the interface, and on its relative stability.

Surfactant's self-assembly combined to the complexation properties of polyelectrolytes lead to a wide class of colloidal systems: polyelectrolyte-surfactant complexes (PESCs), with applications in food science, tissue engineering, drug and gene delivery, cosmetics or water treatment, among others. 6 Their driving force is mainly electrostatic attraction between oppositely-charged surfactants and polyelectrolytes, but other parameters, like the packing parameter of the surfactant, ri gi di ty of the polyelectrolyte, charge density, ionic strength or pH, may have a non -negligible influence.

Polyelectrolyte-coated dense aggregates of spheroidal micelles can be found as a solid-liquid, or liquid-liquid, phase separation and in the latter case one refers to as complex coacervates. 7 Other morphologies can however be observed, such as pearl -necklace or multilamellar wall vesicles. 6,8,9 Complex coacervation, or coacervation between two macromolecules or between a macromol e cul e and a colloid, is a specific case of PESCs which remains among the more mysterious systems in colloid chemistry, even suspected to be at the origin of life on Earth. 10 It occurs in water under relatively mild conditions of pH and temperature 11 (eco-friendly process) and does not require neither a special device nor extensive production steps. An increasing interest is since devoted to their preparation for applications in food, 12 tissue engineering, 13,14 drug delivery, 15 underwater adhesives, 16,17 porous materials 18 or even water treatment 19,20 among many others.

Surfactant-biopolymer systems

After this general introduction, the following part will detail the interactions experimentally reported between the three main biopolymers studied during this thesis (gelatin, chitosan and al gi nate) and common « model » chemical surfactants (we will note that biopolymers here interact with micelles). This part does not aim to be exhaustive; literature provides many examples among which some significant ones were chosen to feed this section. This later is divided into three subparts, one for each biopolymer, of various lengths depending on the relevance of related data available.

Figure 2 well illustrates why these biopolymers were chosen: gelatin is a protein which can be positively charged below its isoelectric point (the value of this latter depends on gelati n's sourci ng) and negatively charged above, chitosan is a polysaccharide positively charged below its pK a (ne utral above) and alginate is also a polysaccharide but negatively charged above its pK a (neutral below). They thus cover a nice variety of cases. Table 2 summarizes the effects/interactions engaged between gelatin, chitosan or alginate with positively-charged, neutral or negatively-charged surfactants. It is in agreement with the charge behavior of each biopolymer in function of pH reminded by Figure 2 and the theory about surfactantpolymer interactions presented in the first part of this bibliographic chapter. Literature provides interesting studies of interaction between these biopolymers and common « model » chemical surfactants. We were interested in three cases : equality of charges, une qual ity of charges and no charges, first in diluted conditions (0.1-1wt%, summarized in Table 3) and the n i n concentrated conditions, especially in the case of hydrogels' formation (1-10wt%, summarized in Table 4).

Table 3 -Example of studies of interactions between gelatin, chitosan or alginate and anionic, non-ionic and cationic surfactants

Surfactant

Anionic surfactant Non-ionic surfactant Cationic surfactant Biopolymer Gelatin SDS 21 TX-100 21 CTAB 21 

Chitosan

Strong : SDS 22,23 Weak : fatty acids, alkyl oligooxyethylene carboxylic acids 22 C 12 E 8, non-ionic sorbitan esters 22 CTAB, LAE 22 Alginate SDS 24,25,26,27 Tween 20 28 Brij 35 27 DTAC, 24 CTAC 24 LAE29, DTA+ and TTA+ 30 , CTAB 31 CTAB and gemini 27 

Surfactant Anionic surfactant

Non-ionic surfactant Cationic surfactant Biopolymer Gelatin AOS 32 TX-100 32 CTAB 32 Chitosan SDS 33 TX-100 33 HTAB 33 Alginate SDS 34,35 Brij 35 34 Pluronic® F68 36 CTAB and gemini homologue 37 Note -SDS : sodium dodecyl sulfate ; TX-100 : triton Gelatin is obtained by the denaturation of collagen protein and has many potential applications due to its ability to stabilize colloids and its gelation below 30°C, whence it results in the formati on of a physical gel, via the formation of inter-molecular, triple-helical structures. 38 Gelatin and other proteins commonly interact with anionic surfactants. Below its isoelectric point (7<IP<9), gelatin is positively charged and its interaction with a negatively charged surfactant results in the precipitation of polymer-surfactant complexes. [39][40][41] A typical example is illustrated by Saxena et al. 21 (Table 3), who investigated the binding of three surfactants (SDS, TX-100 and CTAB, respectively anionic, non-ionic and cationic) to gelatin chains (0.5% w/v) in aqueous buffer (pH= 7) at T= 30°C by dynamic light scattering. For surfactant concentrations ranging from 0 to 100 mM, SDS electrostatically binds to the charged groups of the polymer chains, resulting in a significant decrease of the hydrodynamic radius (R h ) of gelatin up to the CAC. Above this value, an equilibrium state is established between coexisting SDS mi ce l le s and SDS-gelatin complexes. The opposite effect was reported using CTAB: the size of gelatin chains slightly increases up to the CAC, beyond which the gelatin-CTAB complexes grow significantly and establish an equilibrium with CTAB micelles. In the case of TX-100, no electrostatic but only little hydrophobic binding to gelatin occurs and the size of gelatin remains unchanged. Micellar shapes are different (near-spherical SDS micelles vs. oblate ellipsoidal CTAB micelles) and results were rationalized using the common necklace-bead model of polymer-surfactant interactions.

Chitosan-surfactant mixtures

Chitosan results from the deacetylation of chitin, the second most widespread natural polysaccharide, through employing concentrated sodium hydroxide or enzymatically via the action of chi ti n deacetylase. The final structure is a mixture of N-acetylglucosamine and glucosamine, linked together into linear chains through β- (1-4) connections. 42 Among many advantages which make it attractive for different applications, chitosan is biocompatible, biodegradable, exhibits anti -microbial acti vi ty, or promotes wound healing. Its structure also approaches the one of the glycosaminoglycans, mai n constituents of the natural extracellular matrix, an advantage for tissue engineering appl i cations. 43 Chitosan is positively charged below its pKa (≈6.5) and neutral above.

The following Table 5, extracted from ref. 22 , lists interesting chitosan-based systems, which take advantage from their high biocompatibility. The variation of formulation properties or the introduction of desired functionnality such as the ability to incorporate hydrophobic compounds for drug delivery purposes or extractions of hydrophobic contaminants, can be achieved by the choice of a suitable surfactant to mix with.

Table 5 -References and details about most relevant studies involving chitosan/surfactant systems. Extracted and adapted from Ref. 22 Chitosan strongly interacts and forms water-insoluble and structured complexes over a wide range of concentrations and mixing ratios with strong anionic surfactants (sulfated for the most part) including SDS, according to a cooperative process described with the Satake -Yang model, 44,45 which is a reliable approximation of the adsorption process quantifying the extent of binding in terms of the binding constant K and the cooperativity parameter u, with C f being the free surfactant concentration and s the equilibrium constant (Eq. 1) :

(Eq. 1)

This model describes the polymer chain as a linear array of binding sites, which can be free, noncooperatively occupied or cooperatively occupied (when at the least two consecutive sites are occupied). Interactions between surfactant and polymer imply "vertical" (mainly electrostatic, but including also hydrophobic forces and hydrogen bonding, between surfactant and polymer) and "horizontal" (hydrophobic and dispersion forces among the surfactant tails) forces. Based on this description, Wei and Hudson 46 concluded that increasing the degree of acetylation of chitosan lowers the cooperativity of the bindig process to SDS due to the increased spacing among the surfactant tails, but has no effect on the non-cooperative binding constant, i.e. the "vertical" surfactant/glucosammonium interaction. An increased ionic strength decreases the binding constant K without changing the cooperativity of the process, evidencing the electrostatic nature of the "vertical" interaction and the hydrophobic origin of the cooperativity, supported by calorimetric and potentiometric titrations. A stoichiometric insoluble SDS-chitosan complex is formed, with a strength of interaction depending on the ionic strength and an ionic strength-independent SDS content in the complex. These results suggest that the hydrophobic "horizontal" interactions among the surfactant alkyl chains mainly drive the cooperativity of the process and that strong electrostatic "vertical" interactions are at stake between the glucosammonium units and the sulfated and sulfonated headgroups, a conclusion further confirmed using a short-chain surfactant. The low solubility of chitosan/sulfated surfactant complexes however restricts their use. The case of complex coacervation was more investigated by Onesippe et al. 23 who used surface tension me asurements, turbidity, zeta potential measurements and ITC to optimize ionic ratio and propose a sy stem potentially eligible as wall material for capsules using the coacervation process.

Weak anionic surfactants' category includes fatty acids and alkyl oligooxyethylene carboxylic acids. The behavior of chitosan-alkyl carboxylic acid mixtures depends on pH and on hydrophobi ci ty of the fatty acid. It is admitted that chitosan acts as a "supramolecular glue", providing an e xte nded network for the assembly of the surfactant aggregates. There is no supramolecular ordering when chitosan is mixed with short-chain carboxylic acids (n(C) ≤5), as the hydrophobic cooperative interactions among the aliphatic chains are not sufficient. 47 Differently, using (un)protonated l ongchain fatty acids (n(C) ≥ 16), which form self-emulsified droplets, or intermediate-chain fatty aci ds, stable μ-meter sized emulsions 48 and well-defined nanometer sized micelles are formed in acidic medium. These latter have a low solubility and complex, stable aggregates are formed in a narrow pH and alkyl chain length range. [49][50][51] Mixtures of alkyl oligoethylenoxide acids and chitosan gi ve ri se to supramolecular structures which depend on mixing ratio, pH and on the packing parameter, which imposes the surfactant aggregate shape. 52 They exhibit higher solubility than the i r anal ogue s al k yl sulfates or carboxylic acids. The local organization of the surfactant is explained by its natural tendency for self-assembly and the supramolecular structure retains the type of aggregate formed in the pure surfactant solution (spherical micelle, vesicle, etc.).

Despite their weakness, interactions of chitosan with non-ionic surfactants do exist. At a pH low enough to solubilize chitosan, no precipitate is expected to form. If no large supramolecular aggregates result from the self-assembly of chitosan and octaethyleneoxide n-dodecyl ether C 12 E 8 , a strong effect on the viscosity time-dependence is due to their interaction and triggers a viscosity drop over time. 53,54 This effect is observed only above the CMC, unchanged in presence of pol ymer, and may be due to a modification of the polymer conformation in presence of surfactant micelles.

No strong synergistic interaction is expected between a cationic surfactant and chitosan: electrostatic repulsions do not drive a significant complex formation. For example, adding chitosan to a CTAB solution do not change its solubilization power. 55 Repulsive interactions between chitosan and lauric arginate ethyl ester hydrochloride prevent the formation of supramolecular aggregates but create an excluded volume effect at the origin of the decrease of the surfactant's CMC. 29 

Alginate-surfactant mixtures

Alginates are naturally derived polysaccharide block copolymers composed of regions of se que nti al β-D-mannuronic acid monomers (M-blocks), regions of α-L-guluronic acid (G-blocks), and regions of interspersed M and G units. Their source determine the length of the M-and G-blocks and sequential distribution along the polymer chain. 56 Alginates undergo reversible gelation i n aque ous solution under mild conditions through interaction with divalent cations, mainly Ca 2+ , whose cooperative binding between the G-blocks of adjacent alginate chains create ionic interchain bridges. 57 Alginate, a polyelectrolyte bearing negative charges on its main chain above pH≈4 (3.38<pK a <3.65), i s not expected to associate to anionic surfactants. Neumann et al. 24 used pyrene fluorescence to measure SDS-alginate interactions. A small and slow decrease of the intensity ratio is reported for SDS concentrations up to 2 mM and is attributed to the attraction of the hydrophilic sulfonate groups towards the microdomains formed by the hydroxyl groups on the polyelectrolyte chain. A hydrophobic effect between the alkyl chain on the surfactant and the hydrophobic backbone of alginate is discarded as a small influence is assigned to this effect using a cationic surfactant with equivalent chain length. Same effects occur between SDS and poly(styrene sulfonate) PSS copolymerized with an hydrophobic monomer. For larger surfactant amount, normal mi ce l l es form around the critical micellar concentration, as for cationic surfactants. Further microcalorimetric measurements 25 establish a pH-dependence of the SDS-alginate interactions. From pH 7 to 6, NaAl g polymers act as a simple salt with regards to the CMC of SDS: electrostatic repulsion between SDS and alginate avoids any association. However, upon further decrease of the pH from 5 to 3, hydrophobic effect prevails and drives aggregation.

Oppositely charged to alginate when pH>≈4, cationic surfactants are the most studied case. According to turbidity and SANS results of Bu et al., 27 hexadecyltrimethylammonium bromide (CTAB) and Gemini induce the formation of large inhomogeneous structures in pure alginate solution. Yang et al. also studied the effect of pH using CTAB, with viscosity measurements this time. 31 The rheological response of diluted alginate solutions is sensitive to acidity change in the l ow pH range . The steady shear and intrinsic viscosity measurements suggest a strong association between alginate and CTAB by electrostatic attraction above pH 5.0, supplemented by significant hydrophobi c e ffect below this value. Hayakawa et al. 30 reported binding isotherms for dodecyl-and tetradecyltrimethylammonium (DTA + and TTA + ) ion binding to alginate using a potentiometric technique based on surfactant cation selective solid-state membrane electrodes. Their results reveal a highly cooperative binding process. TTA + exhibits a larger cooperative binding constant (Ku). The difference between DTA + and TTA + in the free energy of surfactant binding (2.50 kT for alginate ) can be compared to the free energy of transfer of two methylene groups from water to a hydrocarbon medium or to a micelle. Finally, the fluorescence study of Neumann et al. 24 evidenced that alkyltrimethylammonium surfactants associate to alginate. DTAC and CTAC form induced micel les at concentrations smaller than those needed to form micelles in aqueous solution. The main initial interaction between alginate and oppositely charged surfactant is certainly electrostatically established between the charged centers on the macromolecular chain and the charged heads of the surfactant. These aggregates form less hydrophobic microenvironments than free micelles. At l arge r surfactant concentrations, normal micelles are formed for a higher CMC value compared to aque ous solution conditions. Hydrophobic effect is not the main driving force in these systems, but it was interestingly observed that the strength of interactions increases for surfactants with longer chai ns. Its contribution is not excluded on the interactions between alginate and anionic surfactants.

Concentrated systems

This section has the goal of showing the existence of a specific literature on the interaction betwe en biopolymers in their hydrogel state and surfactants via selected exemples.

Gelatin-surfactant mixtures

Abed et al. 32 studied the effect of binding of three surfactants, alpha olefin sulfonate (AOS, ani onic), Triton-X100 (TX-100, non-ionic) and cetyl trimethyl ammonium bromide (CTAB, cationic), to hydrogels of gelatin at room temperature (25 °C) by dynamic light scattering and oscillatory rheology with larger surfactant concentrations (20-100 mM) than their critical micellar concentrations (CMC). They concluded that micelles gradually change significantly the structural properties of gelatin hydrogels. The cross-over point is defined for a physically distinguishable surfactant conce ntration around 55 mM. For lower surfactant concentrations, the hydrogen bonded triple helix physical network dominates. The formation of transient micellar bridges occurs starting from a 25 mM surfactant concentration but triple helices are still present enough inside the gel structure to provide it rigidity. Above the cross-over concentration, an exponential increase of the density of micellar crosslinks is related with a softening-like behavior of the gel phase. The storage modulus G' has be e n seen as a measure of crosslink density. Since the rigidity of the gel is due to the existence of intermolecular hydrogen bonds between peptide linkages of adjacent helix units, the l oss of the se linkages and the consequent gain in micelle-ridged linkages triggers the loss of ri gi di ty (G'), whose severity depends on the surfactant: this loss is more pronounced for AOS, then CTAB and fi nal l y TX -100.

Chitosan-surfactant mixtures

Bamgbose et al. 33 were interested in the swelling equilibrium of Chitosan and sodium tripolyphosphate (NaTPP) cross-linked chitosan hydrogels in aqueous solutions of surfactants of different structure, charge and hydrophobicity at 25°C. The anionic surfactant sodium dodecylsulfate (SDS), the cationic surfactant hexadecyltrimethylammonium bromide (HTAB) and neutral surfactants Triton X-100 all induced abrupt change in the gel volume. The equilibrium swelling ratio first decreased sharply as the concentration of the surfactant increased, then reaches a plateau around the critical micelles concentration (CMC) of the surfactants and finally increased again as the concentration increased beyond the CMC of the surfactant. The equilibrium volume change of hydrogel was significantly increased from HTAB > Triton X-100 > SDS> the mixed SDS/Triton X100 system. A decrease in equilibrium swelling ratio of the gel in SDS/TX-100 mixtures was observed with an increase in the mole ratio of SDS. This swelling study provides keys to understand the equilibrium swelling of chitosan gel which depends on cross-linking density, surfactant type, and their respective concentrations.

Alginate-surfactant mixtures

The interaction of cetyltrimethylammoium bromide (CTAB) and its gemini homologue (butanediyl -1,4-bis (dimethylcetylammonium bromide), 16-4-16 with biocompatible polymer sodium alginate (SA) has been investigated in aqueous medium by Jabeen et al. 37 Rheological investigations reve aled that the viscosity of sodium alginate first decreases and then increases with increase in CTAB/16-4-16 concentration. The viscosity drop upon addition of the surfactant is more in gemini containing alginate system than that of CTAB one, attributed to more charge density of former, whi ch l e ads to more screening of interpolymer association. Moreover, the viscosity of the SA+CTAB or SA+16 -4-16 system is greatly affected upon the addition of salt to the extent that the relative magnitude gets reversed due to more interpolymer association in the SA+CTAB system. The addition of the two surfactants affects the alginate gel differently, gemini improves drug encapsulation and l oadi ng but doesn't improve release behavior whereas addition of CTAB reduces the encapsulation and l oadi ng capacity but improves the release behavior compared to alginate gel without surfactant. The re fore, this study highlights the importance of amphiphile chemical structure on gelation characte ri stics of sodium alginate and encourages the use of wide range of amphiphiles to optimize the al gi nate ge l s for desired applications like high encapsulation and delayed release of poorly sol ubl e hydrophobic drugs.

Enhancing hydrogels functionality through Interpenetrated Networks

Mixed polymer-surfactant systems have been massively investigated over the l ast de cade s, wi th a main focus on interactions involving surfactants in a particular aggregation state, the micellar one.

Major phase behaviors, driving forces and structural/rheological effects of these systems were elucidated and are now well known. Polymer-fibers 58 or polymer-vesicles 62 systems, on the other hand, have received much less attention from a physico-chemical perspective but a few studies were reported. According to them, the same forces mainly drive interactions between polymer and surfactant vesicles or polymer and lipid vesicles and polymer-surfactant, polymer-polymer and surfactant-surfactant interactions.

Hydrogelation is a property commonly displayed in more concentrated systems (>1wt%). Di ffere nt aspects of hydrogels will be discussed in the next section, from their classical definition to the more recent strategies employed to optimize these fascinating materials.

Hydrogels are often defined as water-swollen hydrophilic polymer 3D networks. The y be ne fit from tunable properties and are able to reproduce aspects of native tissues. Traditional hydrogels are attractive materials for biomedical applications which may however suffer from some drawbacks. Main disadvantages are relatively "weak" mechanics, static properties or only partial re pl i cation of essential aspects of the cellular microenvironment.

Apart from synthetic polymers, biopolymers derived from tissues [hyaluronic acid (HA), chondroi tin sulfate, collagen, gelatin…] or from natural materials (chitosan, alginate, cellulose…) are getting increasing interest for hydrogel formation. Biopolymer hydrogels are formed either by leveraging the biopolymers native intermolecular interactions or by crosslinking through chemical modifications.

Biopolymers possess advantageous inherent properties such as bioactivity, degradability or biocompatibility. For example, HA is a non-sulfated glycosaminoglycan with unique viscoelastic properties, whose interactions with specific chemical receptors are crucial to regulate cell adhe sion and tissue morphogenesis. Although biopolymers possess many promising advantages for their use in hydrogel design, some drawbacks are to deplored : they generally exhibit weak mechanical properties, wide distributions in molecular weights, undefined chemical compositions and may trigger immune responses depending on their sourcing. 61 Introducing some hydrogel crosslinking chemistries to biopolymers has large ly widened the range of attainable biopolymer hydrogel properties but however, they still do not meet all the conditi ons for many biomedical applications. 62 Modulations in terms of hydrogel physical properties have been achieved by polymer blends and composite hydrogel formulations. 63 These latter however suffer major drawbacks : negative effects over encapsulated cells were reported and they often unde rgo a phase separation at the origin of the fast degradation of the hydrogel properties.

To go further and improve the attainable and desired properties of biopolymer hydrogels in an efficient and sustainable way, an emerging strategy is to design complex multicomponent (bio)polymer systems and incorporate either a second interpenetrating polymer network, re fe rring to a combination of independent, interdigitating polymer networks at the molecular scale , or another phase.

Secondary networks provide to interpenetrated polymers network (IPN) hydrogels improved mechanical properties, stimuli responsiveness and the capacity to very satisfyi ngly mi mic compl e x cell-material interactions for targeted applications in drug delivery, tissue engineering, in vitro disease modeling or biofabrication. Many IPN hydrogels rely on synthetic polymer network, but the fabrication and use of IPN hydrogels that only consist of at least one biopolymer network do exist. The functionality of hydrogels can also be enhanced by the use of a secondary polymer rather than a network; this is the case for semi-IPN hydrogels.

The addition of another phase, may it be micelles, vesicles or fibers, is also of interest, for release purposes using the vesicular phase or depollution application using the micellar phase for instance.

The objective of this section is to highlight the main trends on the e nhanced functionali ty re sulting from the incorporation of a second component into classical biopolymer-based gels, including mechanical reinforcement, « smart » systems sensitive to external stimuli or the ability to tune ce l lmaterial interactions.

Two aspects have been highlighted by this PhD project work e.g., the two articles included in Chapters III and IV: first the mechanical reinforcement through interpenetrating networks and secondly the stimuli-responsiveness through interpenetrating networks hydrogels. Bibliography related to these topics is included in the articles and will not be discussed here. However, this bibliography mainly concerns two polymers networks. Synthesis and characteristics of the IPN hydrogel composed of chitosan and polyallylamine were for example reported. 64 The following l i nes will rather present the work achieved involving polymer combined to another family of molecules.

Biopolymer-lamellar systems

Lamellar hydrogels 65 made of a phospholipid L α phase stabilized by a polymer-grafted lipid we re the first example of an elastic 2D self-assembled material at concentration below 10 wt%. Since their discovery by Safinya and Davidson in 1996, lamellar hydrogels were obtained by polymerstabilization, 66 or by combining a lamellar lyotropic phase (> 50 wt%) with a gelator. [67][68][69][70][71][72][73] If lamellar hydrogels are complex elastic fluids generated by defects 65 whose mechanical properties are hard to control, this unique feature is also an opportunity for the emergence of new materials. 74

Biopolymer-vesicles systems

Some vesicles-loaded biopolymer systems were reported, with specific interactions engaged or not. 63 For example, Dowling et al. designed pH-responsive gelatin gels containing fatty acid ve si cl es. T he y do not evoke any interaction but evidenced that the vesicle-to-micelle transition releases hydrophobic solutes encapsulated within the vesicles into the bulk gel. On an other hand, Chi appi si et al. worked on the self-assembly of alkyl ethylene oxide carboxylates and the biopolymer chi tosan into supra-molecular structures with various shapes 75 at pH 4.0, where the chitosan is almost fully charged and the surfactants are partially deprotonated. Changes in the alkyl chain length and the number of ethylenoxide units result in very different water-soluble complexes, ranging from globular micelles incorporated in a chitosan network to formation of ordered multiwalled vesicles.

Biopolymer-fibers (SAFiN) systems

Molecular hydrogels are obtained by the self-assembly of low molecular weight gelators (LMWG) into a Self-Assembled Fibrillar Network (SAFiN). 76 These soft materials are highl y promi sing due to their reversible gelation (possible because of their stimuli -responsiveness towards pH, T, ionic force , light…), an advantage compared to polymer hydrogels for biomedical applications. Nonetheless, SAFiN suffer from poorer mechanical properties compared to polymer hydrogels: SAFiN stands on weak intermolecular forces (H-bonding, hydrophobic…) instead of covalent bonds in polymer hydrogels.

Nandi and co-workers stabilized LMWG gels by adding the biopolymer chitosan to a folic acid gel, and suggested hydrogen bond interactions between chitosan and folic acid occur. 77 As expected, increased branching enhanced mechanical strength. The gels could also adsorb dyes and heavy metal ions from water, a promising result for water purification applications -an active area in gel technology. Adams and co-workers hypothetized that polymers can have viscosity-induced effects on the properties of LMWG gels, and added dextran biopolymers to pH-dependent naphthalenedipeptide hydrogels. 78 Yang and co-workers added hyaluronic acid (HA) polymer to a LMWG hydrogel based on succi nate d taxol. 79 They evidenced that the presence of the polymer favors the hydrogel fibers to bundl e , and not only slightly enhance the mechanical properties of the gel but also boosts the anticancer acti vi ty of the nanofibers at high HA concentrations. This is a nice example of how polymeric addi ti ves may impact rheology and nanostructure of LMWG hydrogels, and simultaneously introduce their own functionality. The presence of these protein clusters further influenced the self -assembly of the peptide gelator, resulting in a material with new unique mechanical and morphological prope rtie s. These effects result from cooperative interactions between both systems, and illustrate how LMWG materials can be relevant in the evolution and control of biological systems. The presence of polymers in the solution phase drives LMWG self-assembly either by interactions with the ge l fi bers or through viscosity effects. Small amounts of polymeric additive are thus a cheap and simple method to largely change LMWG nanoscale morphology and rheology, a point of significant importance for industrial considerations.

0.3.4. LMWG-(bio)polymer hydrogels: which strategies to design and fabricate mechanically strong and stimuli-responsive materials?

Low molecular weight gelators (LMWGs) and polymers have been combined since quite recently, but the field gained interest over the last years and its potential for further exploitation results in its fast expansion. This paragraph aims at summarizing the state-of-the-art and provide an overvi ew of the new technologies that might be explored. LMWG-polymer systems are divided into five cate gori es: (i) polymerisation of self-assembled LMWG fibers, (ii) capture of LMWG fibers in a pol yme r matri x, (iii) addition of non-gelling polymer solutions to LMWGs, (iv) systems with directed interactions between polymers and LMWGs, and (v) hybrid gels containing both LMWGs and polymer gels (PGs), 80 illustrated by Table 6 with corresponding references. Polymers can deeply modify the nanoscale morphology and materials performance of LMWGs, while LMWGs can have a significant impact on the rheological properties of polymers and provide a stimuli -responsiveness. The combination of different types of gelation system is a strategy to benefit from both LMWGs and PGs advantages (essentially stimuli-responsiveness and good mecanical properties, respectively), whilst ove rcoming their drawbacks. Bringing both technologies together not only enhances materials performance, which is useful for common applications, but it may also lead to major advances in environmental remediation, drug delivery, microfluidics and tissue engineering, among other high-tech areas. 80 The fifth category is the one closest to the gels prepared and presented in the experimental part of this thesis. Hybrid hydrogels contain two gelators bringing each its own properties and are particulary interesting smart multifunctional materials for biomedical applications, from tissue engineering to drug delivery. In an approach close to the one of IPN described above, using a polymer gelator is expected to reinforce a mechanically weak LMWG network, while LMWGs are rather employed to induce directed interactions with tissue or drugs and to have a control over growth factors drug release rates for instance, through their stimuli -responsiveness. In 2009, Yang and co-workers were the first to report this kind of material. 81 They obtained two-component hybrid gels with enhanced strength by combining Fmoc-peptide-based LMWG (H-lysine(Fmoc)-OH with one of three Fmoc-peptides) with agarose (the polymer gelator which provides mechanical strength). It i s possible to incorporate additional components within these gels, such as Congo red, which was use d as a model drug and was found to interact with the LMWG nanofibers. The choice of the LMWG is determinant to control its rate of release. The same team evidenced the potential of such gels for environmental concerns using a similar hybrid hydrogel, more efficient in the extracti on of me thyl violet from aqueous solutions than each of its individual components gels. 82 There exists a class of LMWG of particular interest: the large family of biosurfactants include many promising compounds. They are produced by microbial fermentation and are fully biodegradable, nice advantages considering that an emerging challenge in our current societies is to find an alternative to the chemical surfactants which are produced by oil industry, first for environmental concerns but also to extend their applications to the biomedical field. In addition, they allow to answer interesting questions due to their unique ability to switch from one phase to anothe r upon application of an external stimulus, and thus fill a large gap in literature: what is the influence of a non-equilibrium phase transition triggered at phase boundaries on a (bio)polymer-(bio)surfactant system?

Next section will thus be devoted to biosurfactants : largely inspired by a review we wrote during the confinement and recently published, 83 it will present in details the richness of this family of molecules and their main characteristics.

Biosurfactants: generalities, presentation, phase diagrams and applications

Biosurfactants, or microbial surfactants, result from the fermentation process of yeasts, fungi and bacteria. These natural compounds are mostly produced by the wild type from a culture medium rich in glucose and vegetable oil. Properties and, hence, application potential, can be directly moni tored by the structures of the biosurfactants. The molecular portfolio can be extended by the use of modified strains or chemical modifications of given biosurfactants. Biosurfactants are targe te d by a large number of reviews which especially describe their origin, their producing strains and conditions as well as the main widely accepted categories. [84][85][86][87][88][89][90][91][92][93][94][95][96][97][98] One can also refer to a review we recently published in order to build « a crossroad between communities, by merging the science and technology of soft colloids with biosurfactants science and giving new perspectives in ter ms of applications ». 83 The main existing biosurfactants are given in Figure 3. Compounds from 1 to 16 reflect the wide variety of sophorolipids (SL) and their derivatives. Besides SL, cellobioselipids (CL) in their hydrolyze d form (17), rhamnolipids (RL), both di- (18) and mono- (19), surfactin (20) and MELs Biosurfactants can be primarily characterized in solution through the same generic approache s than surfactants, especially surface tension and CMC which are largely referenced in the bi osurfactants' literature since decades. As deplored for standard surfactants, these paramete rs are however insufficient to understand and establish a right prediction of self-assembly or stimuli-responsivity of biosurfactants. The self-assembly/physicochemical properties of biosurfactants, [99][100][101] rhamnolipids, 92,102 mannosylerythritol lipids 88 or surfactin 103 are discussed in existing re vi ews whi ch are however neither comprehensive nor do they propose a critical analysis of the biosurfactants' behavior with regards to the general concepts of surfactants assembly. Biosurfactants are furthermore characterized by a unique interesting complex phase behavior driven by external stimuli like pH, temperature or ionic strength, which is however rarely emphasized. Such a rich, dynamic, phase behavior in water at low concentrations is not only an attractive advantage for many applications 104-108 but a unique opportunity for fundamental understanding of the self -assembly process of natural compounds, often under nonequilibrium conditions. Classical parameters crucial in surfactant's science (HLB, surface tension and CMC) are re porte d for biosurfactants but will not be detailed here. The complex self-assembly properties of biosurfactants in water, including stimuli-responsivity, within and beyond the limits of the packing parameter approach, will be briefly presented before describing the relationship be twe en se lf -assembly and macroscopic behavior, like hydrogel formation.

Self-assembly and phase diagramme

Biosurfactants' self-assembly was first explored in 1987 and focused on the pH-de pe nde nce of the aggregation of RL. 109 The first study of surfactin self-assembly dates back to 1995, of MEL to 2000, 110 of sophorolipids (SL) to 2004 111 and cellobioselipids (CL) to 2012. 112 The self-assembly properti es of lipids and surfactants are studied since the 50's and were rationalized in the 70's by Tanford 113 and Israelachvili and coworkers. 114,115 This comparison evidences a gap of several decade s be twe en the surfactants' science and biosurfactants communities in terms of mutual interests, a gap that can be explained by different reasons.

The main one deals with the chemical structure of biosurfactants. Indeed, it is more complex than common head-tail surfactants; biosurfactants are often bolaform and many of them be ar i oni zabl e chemical groups such as carboxylic acids in the case of glycolipids or lipopeptides. These charge abl e groups induce that external stimuli like pH, ionic strength or temperature are particul arl y affecti ng biosurfactants' phase behavior. Considering the importance of additional weak interactio ns in the self-assembly process, such as hydrogen bond or π-π stacking at the same time as ionic, steric, van der Waals and entropic forces, the morphology of biosurfactants' aggregates and phase be havior i n water are hardly predictible. Biosurfactants' aggregation can sometimes be explained by the packi ng parameter theory based on molecular shape, but the classical theory is not accurate for thi s cl ass of functional compounds, as the distinction between hydrophilic and hydrophobic regions is sometimes challenging, as clearly stated for surfactin. 116 The aqueous self-assembly and phase behavior of biosurfactants presented in Figure 3 are described in ref. 83 The following lines detail the cases of the biosurfactants studied during this PhD project: SL-C18:0 (13) and G-C18:1-cis (11).

The sophorolipid SL-C18:0 (13) forms spherical, ellipsoidal micelles (L 1 ) above pH 7.5. A minor phase of nanoplatelets may be observed at pH>8. When 7.5>pH>3, this compound self -assembles into fibers.

The same micellar phase is reported for the glucolipid G-C18:1 (11) at pH>7.5 (bilayer fragments exist in minority above pH 8). At neutral pH (7.5>pH>6.5), the spherical, ellipsoidal micelles rather adopt a cylindrical, wormlike conformation. When 7.5>pH>4.5, unilamellar vesicles are formed. In the se pH conditions, a flat lamellar phase is observed only if T<T m . A flat lamellar phase (condensed) is observed below pH 4 in all cases. An astonishing behavior associated to this molecule is the lamellarto-multilamellar vesicle phase transition triggered by an increase from pH 3 to pH 6, and the micelleto-fiber transition above pH 7, under study. These phases are summarized in the following Table 7 with the corresponding references: Micelles: Most of classical head-tail surfactants under dilute conditions spontaneously self assemble into micelles above pH 7. The packing parameter associated to this morphology is 0 < P < 0.33 for spherical micelles and 0.33 < P < 0.5 for elongated, rod-until worm-like micelles.

Fibers: Fibrillation of lipids and proteins is an important crystallization phenomenon largely obs erved in soft matter and involved in many living processes, like bacterial motility or neuronal degeneration respectively conditioned by fibrillation of actin 127 and protein Tau. Low-molecular weight bolaamphiphile [128][129][130] and peptides-based 131 surfactants have the ability to make fibrils, and si mi l ar processes have been reported for biosurfactants. 132,111,[117][118][119]123,125,[133][134][135] A unitary packing parameter for flat fibers or contained between 0.3 and 0.5 for cylindrical fibers could have been expe cted, but the packing parameter description is not accurate to discuss crystalline objects, because the the ory behind the PP relies on a liquid hydrocarbon core that crystalline objects do not possess.

Vesicles: Vesicles are appreciated for being a metastable phase made of unique objects possessing a strong potential to encapsulate, transport and deliver a cargo (hydrophobic drugs, macromole cules, nanoparticles), which are interesting features in many domains from medicine to cosmetics. The packing parameter for vesicles is 0.5 < PP < 1. Vesicle-forming biosurfactants are reported. 117,121,122 Lamellar phase: Lamellar phases play a major role in living organisms. Especially, biological membranes are mainly composed of phospholipids, not discussed in this context. Biosurfactants may form lamellar phases. 117,121 Concentration is a common parameter in evaluating the phase diagram of surfactants. Most studi e s related to biosurfactants, discussed above, have been performed under dilute to semi dilute conditions, rarely above 10 wt%, probably due to the lack of large amounts of matter having an acceptable molecular uniformity. Few studies do report on the self-assembly properties of biosurfactants at large volume fractions in water.

There exists even more phases observed for other biosurfactants, 83 but they will not be discusse d i n this manuscript (Cylindrical/wormlike micelles, Ill-defined large-scale structures, Nanoplatelets, Columnar phase, Coacervate/L 3 phase).

Stimuli-induced phase transitions

Most of the biosurfactants undergo a pH-responsive phase transition. The structures are most of the time studied ex situ at a precise pH, but the detailed mechanism of the morphological transition is being clarified by advanced pH-resolved in situ SAXS studies. Table 8 summarizes the main data about the pH-driven phases reported for biosurfactants while Figure 4 highlights some selected examples concerning acidic C18:1-cis, C18:0 sophoro-and glucolipids. Phases given in italic in Table 8 refer to a minor fraction whereas the most plausible morphology is written in brackets.

The effect of temperature is also not negligible, although only a few biosurfactants have been studied in relation with this parameter up to now. Table 9 reports the main biosurfactant systems where temperature-induced transitions have been investigated.

Finally, literature provides an example of light-responsive biosurfactant, 136 whose chemical stabi lity once irradiated, resulting phase and mechanism of fluorescence emission remain however uncertain. One can find old and more recent reviews which discuss the physicochemical properties of biosurfactants 88,[99][100][101] serving several examples of application as antimicrobial, antiviral, gene delivery 150 molecules or as components in cosmetic formulations. 97,99,151 Precise control over the selfassembly is even opening the door to promising opportunities in the fields of physics, chemistry, colloids and materials science: amphiphiles are able to stabilize interfaces, an interesting fe ature to develop biobased emulsions; lamellar objects are promising tools to encapsulate and release colloids and molecules; fibers can be considered to modulate viscosity or to template chiral inorganic materials for enantioselective catalysis, among other examples. Biosurfactants system s (and eventually formulations with other surfactants or lipids ) can lead to innovative syste ms pre sented below, thus broadening the application potential of these compounds into new fie lds. 152 Al l the se examples cover a large range of application domains and prove that the knowledge generated from the study of the biosurfactants' self-assembly properties still deserve further investigation.

Hydrogelling

Hydrogels can be based on colloids, polymers and low molecular weight gelators (LMWG).

Biosurfactants are simple adjuvants to other gelling systems, like polymers, but behave as LMWG. 60,[153][154][155][156] According to the strong knowledge available about LMWG, these molecules selfassemble into fibers upon cooling and so drive the stabilization of a solvent into a gel. 

Solid foams

Freeze-casting (or ice-templating, e.g. the directional freezing of water) and freeze-drying (water removal), have processed fibrillar and lamellar sophoro-and glucolipid hydrogels into soft condensed macroporous materials. [161][162][163][164] Both hydrogels exhibiting close elastic properties (Figure 5a) were frozen at rates up to 10°C/min keeping their nanostructure, as supported by temperature-responsive in situ SAXS and electron microscopy experiments. 165 Dried fibrous foams benefit from a preferential orientation of the macropores along the freezing axis, their axial Young modulus is about 20 times higher than the transversal modulus (anisotropic mechanical properties). They hardly support weights 100 times heavier than them. On the contrary, lamellar-based material reach a Young modulus in the order of 20-30 kPa in both directions (isotropic orientation of the macropores) and can withstand up to 1000 times their own weight (Figure 5b). These unexpected results highlight different properties of the self-assembled lamellar and fibrous structures, the ones of lamellar structures being greater. 

Encapsulation

Encapsulation and release of hydrophobic compounds within amphiphilic carriers is a common application in medicine and undergoes increasing demand. It is essentially based on the selfassembly properties of the amphiphile in solution. Current encapsulation processes mai nl y re ly on phospholipid liposomes although several tests have been reported in the fields of drug and gene delivery with biosurfactants in formulations with phospholipid liposomes. Devices based excl usivel y on biosurfactants is quite a new field of research, probably because the phase diagrams of biosurfactants do not benefit yet from the decades of studies worldwide devoted to phospholi pi ds, which provided a strong knowledge and consequently a control over their phase diagrams.

Among the few studies reported, 138 a recent work has evidenced the dynamic encapsulation properties of deacetylated acidic C18:1-cis (11) glucolipids-based vesicles. The lamellar-to-MLV phase transition from acidic to neutral pH at RT of this biosurfactant was leveraged to encapsulate syste ms unstable in water, such as uncoated magnetic iron oxide (Figure 6a) or hydrophobic luminescent upconverting nanoparticles (Figure 6b), but also stable ferritin nanocages (Figure 6c) 122 among vari ous colloids.

Direct and reverse micellization processes respectively exploit the solu bilization potential of hydrophobic molecules by micelles in water and hydrophilic molecules in organic solvents. The y are now well understood and widely employed. The use of sophorolipids in order to solubilize molecule s of biomedical interest, antibiotics or antioxidants, is a valuable strategy according to a series of work, curcumin for example, a powerful antioxidant with promising anticancer properties whose solubilisation in water remains challenging. 166,167,168 This set of studies shows an efficient solubilization of curcumin and promising effects, but do not clarify the nature of the SL selfassembled form. Another question concerns the spectroscopic FT-IR signature of curcumin, which i s not observed in the SL-curcumin systems. These structural and spectroscopic aspects still deserve further investigations. A similar approach allowed to solubilize antibiotics using SL. 

. Mixing with surfactant and lipids

Increasing interest is devoted to the topic of interactions between biosurfactants and other surfactants and lipids. These latters however increase the complexity of the interactions whose understanding goes beyond the understanding of biosurfactants' self-assembly. These syste ms wi l l not be detailed here but are however promising and deserve interest : mixed BS/surfactants and BS/lipid systems are studied either to formulate greener detergents 141,171,172 or to develop more efficient gene transfection and drug carriers 88,150,[173][174][175][176][177][178][179][180][181][182][183][184][185][186] but also to determine which is the i mpact of BS on lipid membranes, in order to know more about their interactions with living organisms. 173- 178,186 

Biosurfactant-biopolymer systems

The goal of this thesis is now to design and fabricate fully biobased systems with valuable properties, leveraging the huge potential and our knowledge on biosurfactants. We are indeed convinced that a molecule (a biosurfactant) existing within at least three phases, each one responding to a precise stimulus, in combination with a biopolymer will provide new fascinating materials. This se cti on wil l present the few examples of biosurfactant-biopolymer systems available in the literature and highlight the importance of this thesis work to fill this gap. Hybrid hydrogels can be designed according to a safe-by-design approach, involving the selection of only biodegradable and biocompatible individual molecules. The optimization of such systems requires the preliminary understanding of the interactions between biosurfactants and biopolymers . This section will thus highlight the main features concerning the behavior of biosurfactants with macromolecules: polymers, biopolymers, as well as proteins or enzymes, and establish to which extent behaviors of biosurfactant-biopolymer and surfactant-biopolymer can be compared. We wi l l present a first set of biosurfactant-polymer systems relying on mutual interactions, such as hydrophobic effect or electrostatic, and a second one where biosurfactant and biopolymers coe xist without any specific interaction. 0.5.1. Interactions with polyelectrolytes 0.5. 1.1. Sophorolipids, glucolipids The most relevant study to cite here and to detail is the one which established the ground for the work of this thesis, that is to say the complex coacervation of natural sophorolipid bol aamphiphil e micelles with cationic polyelectrolytes by G. Ben Messaoud. 187 To be precise, this work concerns complex coacervation of micelles from a bolaform sophorolipid biosurfactant with oppositely charged cationic polyelectrolytes (i.e., chitosan oligosaccharide lactate, poly (L-lysine) and poly(allylamine)).

Biobased sophorolipid bolaform biosurfactant micelles were found able to form complex coacervates with the cationic polyelectrolytes employed. The coacervation process is mainly driven by pH and turbidimetric titration revealed that the coacervates can be formed in the large 5-9 pH range as a function of the cationic polyelectrolyte type and concentration ( Figure 7a). The charge-pairing mechanism is confirmed by quantitative NMR analysis, which also reveals that 25% of the ini ti al SLpolyelectrolyte concentration is involved in the coacervates. The coacervation structure investigated by cryo-TEM (Figure 7b) and SAXS indicates the coexistence of polymer and micelles upon coacervate formation and the presence of well-defined coacervates in their stability region. The description here proposed for complex coacervate formation between a chargeable bolaform surfactant and chargeable polyelectrolytes is in agreement with the knowledge concerning classical ionic surfactants-polyelectrolyte systems.

This study calls to further investigate the binding behavior of such bolaamphiphiles to macromolecules and valorizes their potential for the preparation of future functional soft materi als. It also proposes new prospects for the use of bolaform sophorolipid micelles to prepare complex coacervates that could be imagined to be used for pollutant and dye removal or like an encap sulation matrix for drug delivery applications. 

Rhamnolipids (mono-(19), di-(18))

Efforts were devoted to systems involving rhamnolipids. Antimicrobial rhamnolipid-rich chitosan nanoparticles were designed based on electrostatic interactions between chitosan and a polyphosphate (TPP), while rhamnolipids are associated to the system as an adjuvant improving stability of chitosan nanoparticles. 188 Replacing petrochemical surfactants in hair-washing formulations motivated Fernández-Peña et al. 189 who recently focused on the capability of rhamnolipids (mono-RL(C10), mono-RL(C14), di-RL(C10), di-RL(C14)) to substitute sodium laureth sulfate (SLES) in binary mixtures with a cationic polyelectrolyte (PDADMAC, poly(diallyldimethylammonium chloride).

Interactions with enzymes and proteins

Interactions between surfactants and proteins, or enzymes, is a rich and fascinating important topi c benefiting from a huge potential for applications from medical to environmental science. There exists specific reviews dedicated to this topic. 190,191 A number of parameters are of equal importance to draw a tendency, complexifying this field : the intrinsic value of surfactant's CMC as well as its shift in the presence of proteins, the isolectric point (Ip) of proteins and its shift in the presence of surfactants, the eventual charge of surfactants and its nature, the chemical nature of the charged group, the size of the protein, the solution pH and ionic strength, the type of counterion... are the main ones. According to a general trend, valid for classical surfactants like SDS, there exists strong surfactant-protein interactions below the CMC, with possible stimulation of β-sheet formation and fibrillation. This effect woud be triggered by both non-specific (hydrophobic effect) and specific (electrostatic) interactions. Above the CMC, on the contrary, surfactant micelles denaturate the protein, resulting in protein-decorated micelles, or bead-necklace, structures. 190,191 The study of biosurfactant-protein interaction have only generated a reduced amount of work, although some have been performed recently. 174 Here is discussed a broad set of data investigating the interacti ons between biosurfactants and proteins, or enzymes, which will be correlated to the broader literature of surfactant-protein interactions.

Rhamnolipids (mono-(19), di-(18))

First studies on the effect of biosurfactants on proteins stability date back to 2008. Ortiz et al. we re interested by the effect of RLs 192,193 and reported thermodynamic and structural changes associ ate d with the interaction of di-RL with bovine serum albumin (BSA). 192 . Since 2014, the group of Otze n et al. largely studied RLs-protein interactions, 194,195 the interactions between RL (1:0.35 mono -RL (19): di-RL (18)) and two model proteins, α-lactalbumin (αLA) and myoglobin (Mb) in buffer at pH 7. 19 4 RLs denature αLA below the CMC and Mb above the CMC by increasing α-helicity.

Otzen's group was also interested by interactions between RLs and enzyme s. The impact of RL (1:0.35 mono-RL: di-RL) against three industrially-relevant enzymes (cellulase Care zyme ® (CZ), the phospholipase Lecitase Ultra® (LT) and the α-amylase Stainzyme® (SZ)) was studied at pH 8 and compared to SDS. 196 RL display little, or no, binding against all enzymes, except CZ, and did not affe ct the structural integrity nor the activity of any enzyme, contrary to SDS.

Sophorolipids (1-3)

Otzen et al. have studied both the interactions between SLs or RLs and proteins and enzym e s. The ir conclusions exhibit only minor differences. They reported a similar stoichiometry (at saturation) of 29 SL (1) molecules per apo-Ala when nonacetylated acidic C18:1-cis SL (1) are used instead of RLs. 197 SLs have an even gentler interaction with apo-aLA than RLs. Globally, acidic SL start denaturating apo-aLA with slow kinetics compared to, e.g., SDS, and only in the proximity of their CMC, whi l e RLs show some interactions below the CMC.

Silk fibroin (SF) extracted from Bombix mori is a protein benefiting from well-known hydrogelati on properties. [198][199][200][201][202] However, its clinical applications are limited considering its quite long process of hydrogelation (from 10-16 hours below the isoelectric pH to a few days or even weeks slightly above the isoelectric pH), 203 what can be overcome by cationic, anionic and non-ionic surfactants, able to faster the gelation process. 204,205 However, chemical and non-biodegradable additives are not accurate to synthetize biologically relevant hydrogels. Dubey and co-workers explored the possibility to use nonacetylated C18:1-cissophorolipids (nonacetylated acidic, ASL (1), diacetylated lactonic, LSL (3), or 1:3 mixture of them, MSL) as SDS analogues and used them as initiators for the hydrogelati on of SF. 153,154,156 Their experiments evidenced a behavior close to the one of SDS or other surfactants which can reduce the gelation time to less than the hour : 204,205 gelation times were i mproved from the order of weeks to hours. (20) Interactions between surfactin and BSA were studied by Zou et al. in buffer at pH 7.2. 206 , related data mostly corroborate previous works studying the interactions between biosurfactants and proteins. In particular, the CMC of surfactin increases from 0.15 μM to 0.33 μM, the number of surfactin molecules per BSA is evaluated between 7.5 and 17.6, according to the BSA concentration in solution and, finally, the structure of BSA is only affected by surfactin above its CMC and in a gentle way, as shown by the moderate evolution of circular dichroism data. The micellization process of surfactin and its influence on the aggregation behavior of Aβ (1-40) peptide into fibrils, identified as a key pathological process at the heart of Alzheimer disease, were investigated and found efficient to stimulate fibrillation in the vicinity of surfactin's CMC and prevent it above CMC. 207 0.5.2.4. Mannosylerythritol lipids (21) Fan et al. reported several studies probing the influence of MEL-A (21A) on the structure and properties of β-glucosidase and β-lactoglobulin (β-lg) : 208,209 MEL-A (21A) modifies the secondary structure and physicochemical properties of β-glucosidase, 208 of which the activity is enhanced at MEL-A (21A) concentration in the vicinity or lower than the CMC (~20.0 μM) but also increases its thermal stability. Some years ago, Kitamoto and co-workers reported the spontaneous formation of giant MEL -base d vesicles at pH 7.0 and 25 °C. 110 Their surface is rich in the mannopyranoside residues, the sugar constituting the carbohydrate part of MELs, and to which mannose-binding proteins like concanavalin A (ConA) are expected to bind easily. ConA-mannose interaction was only reported for MEL-B (21B) and MEL-C (21C)-based vesicles, which bear a free OH group at C-4' or C-6' position of mannose and known as a preferential ConA binding site. 210 It supports the hypothesis of a specific binding behavior on the vesicular surface.

Surfactin

General comments

-In agreement with the body of work on general protein-surfactant interactions, 174,190,191 the nonspecific hydrophobic effect would be the driving force for biosurfactant -protein interactions. However, the stability, activity, binding affinity and molecules-per-protein of a protein is also influenced by other specific interactions, which depend on the specific nature of the protein, biosurfactant but also pH and ionic strength.

-Biosurfactants have milder interactions with proteins for several reasons. This is probably fi rst due to the softer carboxylate groups, which exhibit less affinity that classical sulfate groups for oppositively-charged binding sites on the protein. The bolaform or branched structure of biosurfactants but also their lower charge density distribution also certainly contribute to reduce the strength of the interactions.

-The affinity of biosurfactants towards proteins is generally observed around and above the corresponding CMC, rather than in their monomeric state below the CMC, as classically found for SDS. ITC data recorded on several systems support the hypothesis of negligible interactions below the biosurfactant's CMC.

-As a consequence, low amounts of biosurfactants do not exert any influence on the proteins' structure. However, at higher biosurfactant concentrations, proteins can be inserted into the biosurfactant's hydrophilic shell, inducing deep structural changes through the increase i n β-sheets content.

-It results from the above that fibrillation of specific proteins (e.g., α-synuclein, FapC or silk fi broi n) can be induced and/or accelerated by the presence of biosurfactants above their CMC. This contrasts with reported data for SDS-protein interactions, where fibrillation is generally induced below the CMC of SDS, denaturation even generally occurs above its CMC.

Interactions with polymers

Mannosylerythritol lipids (21) Park et al. 211 prepared polymeric nanoparticles employing poly(ethylene oxide) -b-poly(εcaprolactone) copolymers (PEO-b-PCL) and cell-penetrating TAT peptides. They have shown that use of MELs (without mentioning which type) covalently modified with a maleimide peptide linker results in a more flexible polymer core, thus promoting the formation of smaller particles of a factor two and formation of a soft gel. The YGRKKRRQRRR-cysteamine peptide-linked maleimide achieved improvements in cellular uptake by human skin fibroblasts.

Objectives

Interactions between biosurfactants and macromolecules (proteins, enzymes, polymers…) gene rally benefit from a large literature, which however suffer from some drawbacks. Factually, there is first a number of biosurfactants which are not the object of any study, including SL-C18:0 and G-C18:1, the two biosurfactants employed in this work. Secondly, proteins or enzymes are more documented than (bio)polymers. Then, from a physico-chemical point of view, authors mainly describe interactions between macromolecules and biosurfactants within a static state (often micellar or vesicular). Many questions remain regarding the induction of phase transitions: do the y ge ne rate a new phase? Do they involve interactions and if yes, of which nature? Biosurfactants are molecules of choice to answer these questions due to their unique ability to switch from one phase to anothe r, of which classical surfactants are not able.

All the work of this thesis is first devoted to the understanding of biosurfactant -biopolymers interactions for selected systems under such non-equilibrium conditions, poorly explored up to now, and their potential applications. A second part deals with the design of hybrid materials with valuable properties based on this knowledge. The whole of results is presented in this manuscript.

More precisely, we first want to clearly establish which structures result from the self-asse mbly of a set of biosurfactants and biopolymers in each pH conditions and clarify the influence of each biosurfactants' phase transition on these structures. These points are addressed i n Chapter I. This latter presents multilamellar structures among others, particularly interesting for e ncapsulation of compounds; this applicative point will be discussed in Chapter II.

The second objective is to combine biosurfactant and biopolymer in a hybrid material, whose new mechanical properties are expected to be improved compared to biosurfactant or biopolymer hydrogel, with an additional functionality regarding pH and /or temperature. These aspe cts wi ll be respectively detailed in Chapters III and IV. 

CHAPTER I: pH-induced phase transitions in diluted biosurfactantbiopolymer aqueous solutions

Introduction

As discussed in the bibliographic chapter, biosurfactants remain rarely studied in the presence of other macromolecules, while their interactions constitute a large and fascinating are a of investigations with many potential applications. As a short summary, reported studies mainly concern rhamnolipids and mannosylerythritol lipids, in the presence of proteins or enzymes. 192- 195,196,208,209 The goal of this PhD project was thus to fill this gap and to address the following questions: do biosurfactants interact with macromolecules? If so, which is the nature of the interaction? Under which physicochemical conditions? Do such interactions generate new phases?

This work was motivated and based on the results obtained at LCMCP by Ghazi Ben Messaoud 212 using the sophorolipid SL-C18:1 (Figure 3, Chapter I, p.38) and cationic polyelectrol ytes (chitosan oligosaccharide lactate, poly (L-lysine) and poly(allylamine)). A commercial source of SL-C18:1 forms a micellar phase in a broad pH range and he demonstrated the formation of complex coacervates in a pH range where micelles are negatively-charged and polyelectrolytes positivelycharged. These structures result from the process of complex coacervation, during which a homogeneous macromolecular aqueous solution undergoes an associative liquid -liquid phase separation. 213 Contrary to simple coacervation, it involves more than one macromolecular component 214,215 and can occur between polyelectrolytes and oppositely charged polyelectrolytes, 216- 221 proteins, 12,222,223 dendrimers 224 or micelles. [225][226][227][228][229][230] Surfactant-polymer coacervation is commonly observed between a nonionic surfactant and a nonionic polymer or polyelectrol yte, or be twe en an ionic surfactant and nonionic polymer or polyelectrolyte . 231 In the case of complex coacervation between oppositely charged surfactants and polymers, the strength of electrostatic binding must be high enough to induce coacervation, but not too much to avoid precipitation. 231 As stated in the objectives of this thesis, biosurfactants behavior is mainly, if not always, studied under pseudoequilibrium conditions, in a micellar or vesicular state most of the time . It is the case for SL-C18:1, which self-assembles into micelles over the whole pH range. However, there is a lot to explore under non-equilibrium conditions and at phase boundaries, some biosurfactants being characterized by several pH-dependent phase transitions. For this reason, my work goes further by repeating these experiments using two glycolipids, which exhibit a more complex phase behavior: SL-C18:0 (SL: sophorolipid, D-glucose (1, 2) β (1, 2))and G-C18:1 (GC: glucolipid, β-D glucose), of which the structures, given in Figure 8, are close as their differences are only a sugar moiety and an unsaturation. The phase behavior of microbial surfactants has been deeply investigated at LCMCP under diluted conditions (< 1 wt%). Figure 9 provides a schematic view of the phase behaviors of SL-C18:0 and G-C18:1 respectively. In a few words, both systems form micelles at basic pH, like SL-C18:1. SL-C18:0 micelles then rearrange into fibers below pH 7.4, while G-C18:1 micelles progressively self-assemble i nto ve si cle s below pH≈6.5 and precipitate into a lamellar phase below pH 4. Both systems are of interest for different reasons: fibers can form self-assembled fibrillar networks (SAFiN) gels, while vesicles can be rather interesting for encapsulation purposes.

Their phase diagrams at room temperature in water at low concentration (0.5 wt%) are well -known, but were never investigated in presence of a macromolecule. This presents a real interest first for the biosurfactants' field. Indeed, the richness of their phase diagrams opens the door to a wide range of interactions and potential new structures in presence of a polymer, especially if this latter is oppositely charged. In this case, we expect to form complex coacervates in the micellar phase of the biosurfactants and will then explore phase transitions triggered inside the self-assembled structure . This work will thus be devoted to the comprehension of the interactions between biosurfactants and macromolecules, and more specifically biobased and synthetic polyelectrolytes, in function of pH, e.g. their state of charge, at low concentrations. Secondly, it more largely deserves attention in colloids science, phase transitions triggered inside complex coacervates being never explored for the reason that phase transitions for classical surfactants are usually concentration dependent. 232 Complexation of surfactant and polyelectrolytes is a wide field of research on its own. The type of polyelectrolyte-surfactant complex formed (PESC) depends on the surfactant's phase. 233 Complex coacervation commonly occurs when this latter is micellar. Morphologies are however different and more complex using lipids. Typical surfactant-polyelectrolyte complexes reported i n the l i te rature involve a surfactant, of which the charge is generally not sensitive to pH and its assembled state is always micellar, and neutral or oppositely charged polyelectrolytes, of which the charge may, or may not, be pH-dependent. 7,230,234 SL-C18:0 and G-C18:1 give, in addition, the opportunity to modulate the charge of both compounds in an opposite way playing with pH, which also induce a change in their self-assembled form (Figure 9). In such a system, we expect the electrostatically-induced formation of complex coacervates, when the biosurfactant (under its micellar state) and the polyelectrolyte are oppositely charged. Otherwise, when the biosurfactant adopts another conformation, both species may still interact or coexist without any specific interactions, but the role of hydrophobic effects is not negligible in the formation of polyelectrolyte -surfactant complexes (PESCs). 6 The pH-dependent phase diagrams of biosurfactants allow to go even a step further by triggering phase transitions directly inside the complex coacervate, an aspect never e xpl ore d up to now.

For this work, we used four polyelectrolytes, previously studied by Ben Messaoud et al.: 212 chi tosan oligosaccharide lactate (CHL, pK a ~6.5) 235 , poly(L-lysine) (PLL, pK a ~10-10.5) 236 , polyethylenimine (PEI, pK a ~8) 237 and poly(allylamine) (PAA, pK a ~9.5) 236 , all chosen because they undergo a neutral-positi ve transition with pH. Therefore, it exists a pH range where they are oppositely-charged to the biosurfactants. CHL is a biobased water soluble model molecule derived from chitosan (high molecular weight, HMW, which will be discussed later). Among many advantages which make it attractive for different applications, chitosan is widely available, biocompatible, biode gradabl e and poorly toxic, 238 exhibits anti-microbial activity, or promotes wound healing. Its structure also approaches the one of the glycosaminoglycans, main constituents of the natural extracellular matrix. It was thus seriously considered in tissue engineering applications. 43 PLL, PAA and PEI are synthe ti c polymers with a model chemical structure. PLL, although synthetic, is a polyaminoacid commonly used for biomedical applications. 239 They all extend the study to a larger set of polyamines. Their respective chemical structures are given in Figure 10. Other biopolymers were selected not to be oppositely charged to biosurfactants and to provide "control" systems. They were also chosen for their biobased origin in view to be used at higher concentrations at a second stage of this work: gelatin (7<IP<9), chitosan (high molecular weight, pK a =6.5) and alginate (pK a =4), of which the structures are given in Figure 10 . Gelatin, derived from the collagen protein denaturation, has many potential applications due to its ability to stabilize colloids, which has been exploited ever since the classical experiments of Faraday. Its gelation occurs below 30°, whence it results in the formation of a physical gel, via the formation of inter-mole cul ar, triple-helical structures. 38 Gelatin and other proteins are known to interact with anionic surfactants. Below its isoelectric point, gelatin is positively charged and its interaction with a negatively charge d surfactant leads to the precipitation of polymer-surfactant complexes. 39 -41 Alginates are naturally derived polysaccharide block copolymers composed of regions of se que nti al β-D-mannuronic acid monomers (M-blocks), regions of α-L-guluronic acid (G-blocks), and re gi ons of interspersed M and G units. The source of the alginate determines the length of the M-and G-blocks and sequential distribution along the polymer chain. 56 Alginates undergo reversible gelation in aqueous solution under mild conditions through interaction with divalent cations, mainly Ca 2+ , whose cooperative binding between the G-blocks of adjacent alginate chains create ionic interchain bridges. 57 Chitosan is a cationic polysaccharide resulting from deacetylation of chitin, the second most widespread natural polysaccharide and main structural polysaccharide of insects and crustaceans' shells, through employing concentrated sodium hydroxide or enzymatically via the acti on of chi ti n deacetylase. The final structure comprises a mixture of N-acetylglucosamine and glucosamine, linked together into linear chains through β-(1-4) connections. 42 Chitosan (high molecular weight) was al so employed to validate the reproductibility of experiments compared to CHL.

The following experiments and discussions will thus investigate the interactions between biosurfactants and biobased or synthetic polyelectrolytes/polymers, in function of pH, e.g. their state of charge (Figure 11), at low concentrations and answer the questions: what is the influence of these species on the phase behavior of the biosurfactant? Which interactions occur and in which conditions? 

Chemicals

In this work we use glycolipids G-C18:1 (M w = 460 g . mol -1 ), made of a single β-D-glucose hydrophilic headgroup and a C18 fatty acid tail (monounsaturation in position 9,10), and SL-C18:0 (M w = 620 g . mol -1 ), composed of a sophorose headgroup and a stearic acid derivative. From alkaline to acidic pH, the former undergoes a micelle-to-vesicle phase transition 121 while the latter undergoes a micelle-to-fiber phase transition (Figure 9). 125 The syntheses of sophorolipid SL-C18:0 and glucolipid G-C18:1 are respectively described in Ref 125 and 117 , where the typical 1 H NMR spectra and HPLC chromatograms are also given. The compounds used in this work have a molecular purity of more than 95%. The cationic polyelectrolytes (PEC) used in this work are chitosan, obtained from the deacetylation of chitin from crusteans' shells, poly-L-lysine, widely used in biomedical field, poly(allylamine) and polyethylenimine. Chitosan oligosaccharide lactate (CHL) (M w ≈ 5 KDa, pK a ~6.5) 235 with a deacetylation degree >90%, (PLL) hydrobromide (M w ≈1-5 KDa, pK a ~10-10.5) 236 , poly(allylamine) (PAA) (M w ≈17.5 KDa, pK a ~9.5) 236 and polyethylenimine (PEI) hydrochloride (linear, M w ≈ 4 KDa, pK a ~8) 237 are purchased from Sigma-Aldrich. The three polymers used in this work, gelatin (type A, from porcine skin, M w ≈50-100 kDa, isoelectric point 7-9), alginate (from brown algae, medium viscosi ty, M w ≈20-240 kDa, pK a ≈4) and chitosan (high molecular weight, HMW, from shrimp shell, practical grade, M w ≈190-375 kDa, pK a ≈6.5) with a deacetylation degree >75%, are purchased from Sigma Aldrich. All other chemicals are of reagent grade and are used without further purification.

Preparation of stock solutions

SL-C18:0 (C= 5 mg . mL -1 ), G-C18:1 (C= 5 mg.mL -1 , C= 20 mg . mL -1 ), CHL (C= 2 mg . mL -1 ), PLL (C= mg . mL -1 , C= 20 mg . mL -1 ),PEI (C= 5 mg . mL -1 ), PAA (C= 5 mg . mL -1 ), gelatin (C= 5 mg . mL -1 ), alginate (C= mg . mL -1 ) and chitosan HMW (C= 5 mg . mL -1 ) stock solutions are prepared by dispersing the appropriate amount of each compound in the corresponding amount of Milli -Q-grade water. The solutions are stirred at room temperature (T= 23 ± 2 °C) and the final pH is increased to 11 by addi ng a few μL of NaOH (C= 0.5 M or C= 1 M).

Preparation of samples

Samples are prepared at room temperature (T= 23 ± 2°C) by mixing appropriate volume ratios of the lipid (SL-C18:0 or G-C18:1) stock solutions at pH 11 and cationic polyelectrolyte or polymer stock solutions (PEC), as defined in Table 11. The final total volume is generall y se t to V= mL or V= 2 mL, the solution pH is about 11 and the final concentrations are given in Table 11. The pH of the mixed solution is eventually decreased by the addition of 1-10 µL of a HCl solution at C= 0.5 M or C= 1 M. pH has been changed by hand and by mean of a push-syringe device. The rate at which pH is changed is generally not controlled although it is in the order of several µL . min -1 . Differently than in other systems, 157,240 we did not observe unexpected effects on the PESC structure to justify a tight control over the pH change rate. 

Identification of a precise pH-range of interactions

Turbidimetry is a classical method to investigate the formation of coacervates, characterized by an increase of the turbidity of an initially transparent solution. Figure 12 Coacervation process as a function of pH can be described in terms of a set of specific pH values delimiting four different regions. Below pH 5, a first region, where the solution is clear and the turbidity is constant and not so high, can be identified. Region 2 is characterized by a strong incre ase in turbidity from a starting pH, noticed pH φ , and reflects the cloudy aspect of the solution. Starting from pH max , the turbidity profile reaches a maximum and constant plateau and the solution has an opalescent aspect all over the region 3. In the region 4 the turbidity decreases until the solution is transparent. As a general remark, the transparency in Region 1 and that in Region 4 strongly de pe nd on the solubility of each component.

Preliminary turbidimetry experiments were conducted at a constant concentration of SL-C18:0, or G-C18:1, with different concentrations of PLL. Starting from high pH, where both compounds form negatively-charged micelles, acidification induces modifications of the carboxylic/ate and amine/ammonium groups and thus drive the presence, or lack, of electrostatic interactions. The sense of pH change (basic to acid) is different from the work discussed in Figure 12 (acid to basic), and our compounds display phase changes, from non-scattering micelles to fibers or vesi cl e s which are highly scattering objects. Red squares in Figure 13a and b refer to the control lipid solutions, which display a similar be havior: the micellar region at alkaline pH exhibits poor scattering, while the intensity increases at aci di c pH, in the respective fibrillar and vesicular regions of SL-C18:0 and G-C18:1. When mixed wi th di ffere nt concentrations of PLL, scattering profiles all show a common bell-like shape, with an enhanced signal between pH 7 and 10. Indeed, blue, yellow and green curves, respectively standing for concentration of PLL of 2.5 mg.mL -1 , 1.25 mg.mL -1 and 0.625 mg.mL -1 , present an intensity peak in the slight pH 8.5 -9 range. These behaviors are classically-observed in oppositely charged PECs, like chitosan with Arabic gum, 217 or with hyaluronic acid 216 and for PEC-protein systems, like poly-(dimethyldiallylammonium chloride) with bovine serum albumin, 241 Arabic gum with whey protein 242 or with βlactoglobulin. 243 A similar phenomenon is partially described for some micelles-PEC systems, including polyacrylic acid with mixed micelles of n-hexadecyl trimethyl ammonium chl ori de and ndodecyl hexaoxyethylene glycol monoether. 244 The precise identification of a preferred pH range of interaction between lipids and PLL, precisely from pH 7 to pH 9, is thus possible.

As shown in Figure 13c andd, similar results were obtained for all polyelectrolytes tested in additi on to PLL: CHL (chitosan lactate), polyallylamine (PAA) and polyethylenimine (PEI) and are the starti ng point of a large range of experiments detailed here after.

Interpretation of the results however requires caution and complementary data from other techniques are necessary.

DLS experiments, widely used to estimate the size of colloids in solution, were tentatively performed on the [SL-C18:0 + PAA] and [G-C18:1 + PAA] mixtures from basic to acidic pH, knowing in which pH range they are expected to form coacervates according to turbidimetry experiments ( Figure 13). Comparison with the size of biosurfactant alone self-assembled structure was recorded while lowering the pH. Results concerning [SL-C18:0 + PAA] mixture (Figure 14) suggest a size of about 200 nm at pH 12.15 with a moderate polydispersity (about 0.3). This profile is close to the one of SL-C18:0 micelles alone, indicating that free micelles coexist with PAA at this high pH. All in all, DLS is an interesting but not really accurate technique to study these dynamic systems. Th e presence of large objects (in the 100-1000 nm range) with different scattering profiles than control s can be verified, but coacervates cannot be distinguished from micelles and the signal can involve many components, including free micelles, fibers or vesicles. It was thus not employed wi th al l the polyelectrolytes.

More suitable techniques were then used to describe the structures formed under each pH condition at these low concentrations (< 1wt%). These latter have been observed in the direct space by cryo-TEM and further investigated in the indirect space by Small Angle X-Ray Scattering. A detai l ed cryo -TEM/SAXS crossed analysis is proposed. Additional quantification experiments are also described and interpreted (ITC and 1 H solution NMR). The next section briefly presents these data, which can be found in the joint publications.

Morphological and structural characterization of the mixed lipid-polymer structures

Cryo-TEM allows observing frozen structures, which do not suffer from any drying process. A selection of pictures is shown on the left part of Figure 16 and Figure 17. At basic pH, both SL-C18:0 and G-C18:1 form spherical structures comparable to complex coacervates reported in the literature, 212,245 of which shape/appearance depend on the stage of coacervation with all polyelectrolytes tested. At acidic pH, characteristic fibers of SL-C18:0 are visible, 125 which suggest that they do not interact anymore with polyelectrolyte chains, whereas astonishing multilamellar structures, never observed for this compound, are obtained with G-C18:1. However, cryo-TEM, l i ke any microscopy technique, is characterized by poor statistics despite the useful morphological information. For this reason, cryo-TEM data can be cross-checked with SAXS analysis to deeply investigate the structures. pH-resolved in-situ SAXS analysis have been performed using a unique home-made set up described in Annex 1. By crossing both techniques analysis, robust conclusions can be proposed. The SAXS data we obtained, shown on the right part of Figure 16 and Figure 17, nicely agree with the hypothesis raised from cryo-TEM pictures: at basic pH, scattering profiles exhibit oscillations, different from the profiles of each components, indicating interactions be tween them. Upon lowering pH, scattering profiles of systems involving SL-C18:0 are identical to the one of this molecule alone, with a peak centered at the q= 0.24 Å -1 value related to the inter-molecular distance inside ribbons. 125 Concerning G-C18:1 (Figure 17), scattering profiles at acidic pH show two peaks characteristic of a multilamellar structures, such as the ones described by cryo-TEM. Al l the se pictures and profiles are presented and discussed in Paper I and Paper II. Additional quanti ficati on experiments (ITC and 1 H NMR) are also described and interpretated in Paper I. ITC and 1 H NMR respectively give access to the [COO -]/[NH 3 + ] molar ratio and thermodynamic parameters of the interaction. Similar experiments were performed with chitosan HMW. Chitosan HMW (190<M W <375 kDa) is an approximatively 50 times heavier analogue of CHL (M W ≈5kDa). Keeping G-C18:1 concentration constant, a concentration of 0.044 mg.mL -1 of chitosan HMW (calculated according to CHL and chitosan HMW molecular weights to keep the same molar ratio) is hardly usable. We the n chose to keep the same mass ratio than with CHL. SAXS experiments (Figure 18) were performed with 2.5 mg.mL -1 of chitosan HMW : the signal of coacervates is not well-defined (left) and the signal obtained at pH 5.5 (right) shows a peak at q= 0.18 Å -1 even if we do not really distinguish a second harmonic which would be the proof of multilamellar structures. We exclude the G-C18:1 lamellar phase, which is usually displayed at lower pH. Our hypothesis is that the structures are formed as for CHL, but are less defined (further confirmed by optical microscopy under crossed polarizers). To conclude this part, these results demonstrate the i nterest to study biosurfactant's phase diagram in presence of biopolymers under non-equilibrium conditions. Although each biosurfactant's phase diagram was precisely known, their becoming in presence of a polymer (summarized in Figure 19) was not predictable. Both SL-C18:0 and G-C18:1 form complex coacervates in their micellar domain in presence of an oppositely charged polymer. When SL-C18:0 undergoes its micelle-to-fi be r phase transition, complex coacervates dissociate and fibers coexist with polymer chains at acidi c pH. In the case of G-C18:1 vesicles, they were found forming astonishing multilamellar structures. Although such structures were more or less described, the pH-induced phase transition proce ss we employed results in particularly well ordered structures composed of well-defined layers which were rigorously characterized. More generally, this work supports the use of microbial glycolipid biosurfactants in the development of sustainable polyelectrolyte -surfactant complexes, including biobased multilamellar walls vesicles, promising soft colloids with applications in the field of personal care, cosmetics, or pharmaceutics, to cite the main ones.

Figure 19 -Summary of crossed cryo-TEM/SAXS analysis on SL-C18 :0 (left) and G-C18 :1 (right) combined with oppositely charged polyelectrolytes

The experimental part is detailed in the Material and Methods section of Paper I and Paper II whi ch summarize and discuss the main results.

Study of controls

Electrostatic interactions driving the formation of MLWVs, the following SAXS experiments were performed with the idea to use gelatin and alginate as counterexamples, as their charge do not fi l l the requirements to complex with biosurfactants. The coacervate and consequently the MLWV scattering profiles described in the Paper I are not found in SAXS experiments (Figure 20, pH 8 and 5.5 on the left and right part respectively) using alginate: yellow profiles do not exhibit any oscillation/peak, suggesting an absence of i nte racti ons with G-C18:1. This result was expected considering that both molecules are negatively charged at this pH. Gelatin was also employed. SAXS profiles obtained do not exhibit the characteristic peak of coacervates (Figure 21, left part) and in absence of coacervates, MLWV do not form as discussed in Paper II (Figure 21, right part). Despite an expected positive charge density of this polymer whose isoelectric point is comprised between 7.0 and 9.0, these results suggest that its charge density is however too low to interact with negatively charged G-C18:1 micelles.

These two examples prove the key role of both electrostatic interactions and density of charge in the formation of complex coacervates and MLWV. Indeed, electroneutrality, e.g. perfect compe nsation of negative/positive charges, is often described as a main factor governing coacervation. 225 Coacervation is thus conditioned by the opposition of charges and the use of concentrations allowing charge compensation.

In conclusion, interactions between G-C18:1 and oppositely charged polymers are maintai ned from basic to acidic pH, while self-assembly of SL-C18:1 and oppositely charged polymers proce e ds from an orthogonal process at acidic pH. No interaction occur between G-C18:1 and similarly charged alginate and gelatin.

All the work presented in this chapter has been divided into two parts and is more largely de scri bed and discussed in Papers I and II.

CHAPTER II: MLWVs: synthesis and applications
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Introduction

MLWVs, obtained through a pH-induced micelle-to-vesicle phase transition of G-C18 :1 from a complex biosurfactant-biopolymer coacervate, were presented in the previous chapter, and in more details in the publication titled Synthesis of multilamellar walls vesicles polyelectrolyte-surfactant complexes from pH-stimulated phase transition using microbial biosurfactants. We have establ ished a robust method, illustrated by Figure 22, based on biosurfactant's pH-induced phase transition to obtain multilamellar vesicular structures. Such objects have been reported upon mixing chitosan and large surfactant vesicles with a number of layers directly controlled by the mixing ratio, 75,233 but colloidal stability and possible control over the size are more complicated. In the field of biosurfactants, self-assembly into multilamellar vesicles of some mol e cules was proposed, especially for rhamnolipids and mannosylerythritol lipids, 83 but the structures are generally poorly characterized and loosely studied. Further work is then motivated by the great interest of multilamellar structures to encapsulate many compounds, especially hydrophobic one s, for drug delivery applications. 246 We thus addressed the question of the legitimacy of MLWV as efficient drug delivery carriers.

Drug delivery systems are engineered technologies for the protection of bioactive compounds and their targeted and/or controlled release. The main challenges that they overcome are related to the administration of pharmaceutical molecules, including side effects, low drug solubility, poor stability in biological conditions, clearance or non-specific delivery. 247 A lot of systems, mainly base d on lipids, exist to reach this goal and Doxil or Amphotec are just two examples among the commercialized ones. 248,249 In this context, biosurfactants were only used as adjuvants up to now: rhamnolipids, mainly, were inserted in liposomes, of which the membrane properties result modified. 250 No system fully based on biosurfactant, without the presence of phospholipids, has been reported so far. This argument motivated the work presented in this chapter.

Stability of MLWVs in cell culture medium

The starting point of such project was to verify that formation of MLWVs can occur in cell culture medium, a key point for the use of these latter for biomedical applications. Gibco Dulbecco's Modified Eagle Medium (DMEM) is a widely used basal medium for supporting the growth of many different mammalian cells. MLWVs were prepared according to the procedure described in Chapter I, 251,252 water being replaced by DMEM cell culture medium supplemented with 10% FBS. To verify that the MLWV structures form in DMEM, we employ SAXS and chose the [G-C18:1+PLL] based MLWVs because this is the system we best characterized and that PLL is already widely used f or biomedical applications: 239 it is easy to check if the SAXS profile displays the double peak attri buted to MLWVs in previous work. According to SAXS experiments, the [G-C18:1+PLL] profile in DMEM (in red, Figure 23) exhibits a double peak perfectly superimposed to the one attributed to MLWVs in water 251,252 (Figure 10 in Chapter 1, reminded in blue in Figure 23) of which the peaks, centered around q 1 = 0.17 Å and q 2 = 0.34 Å -1 , are attributed to the (001) and (002) reflection of a lamellar order. 251,252 [G-C18:1+PLL] based MLWVs form and are stable in DMEM at physiological pH: this is an encouraging result to then explore biomedical applications, starting with investigation of cell viability in presence of MLWV. We cannot however compare both profiles below q< 0.1 Å -1 . The complexity of DMEM composition results in the coexistence of various structures, and the likely presence of free micelles in DMEM can be at the origin of the broad oscillation observed for 0.01 < q < 0.1 Å in the red profile. 121 For this reason, MLWVs in DMEM were always centrifuged before further use.

Control over the size and dispersity of MLWVs

Control over the size of MLWVs, and vesicular objects in general, is another aspect which can be important for further applications. Two classical methods were employed, filtration (solution passe d through a 0.45 µm pore diameter filter with a push syringe) and ultrasounds, to try to control their size both in water and DMEM. Results presenting the average hydrodynami c diameter (nm) determined by DLS are summarized in Figure 24. Non-treated MLWVs are slightly smaller in DMEM than in water (around 400 vs 900 nm), maybe due to the presence of all the components of the medium, especially salts. As discussed in the joined Project paper III, coacervate-to-MLWV phase transition occurs at higher pH in DMEM than in water and is thus maybe not completely achi eved i n the aqueous system at pH 7. The size can be further decreased by using f iltration in both media: it i s decreased from 900 to 500 nm and 400 to 200 nm respectively in water and in DMEM, but dispersity increases. Ultrasounds (US) are on the contrary able to reduce the size from around 700 to 150-200 nm compared to non-treated MLWVs, independently of the mixing time, at least on the investigated time range. However, the quantity of matter remaining after an US treatment of 1'30'' seems not to be sufficient to conduct cell viability experiments (no cytotoxicity observed, data not shown). Thi s loss of matter probably disturbs MLWV's formation, which explains such poor performances. Untreated MLWVs were thus still employed. 

Encapsulation of a model hydrophobic drug

The next step was the choice of the molecule to encapsulate. We defined several criteria: interesting therapeutic properties, biobased, widely available at low-cost, hydrophobic and, i de al ly (and for practical reasons), fluorescent. Hydrophobic and fluorescent, 253 curcumin, the active component of Curcuma longa plant (Figure 25), appeared as a first molecule of choice to fill all the se requirements, keeping in mind that the strategy can be later extended to other hydrophobic drugs. Curcumin has indeed common applications like coloring and antioxidant agent as food additives, but displays also a broad range of favorable biological functions, such as antiinflammatory, anti-microbial, and anti-diabetic activities. 255,256 Anti-cancer activities of curcumin were also largely evidenced and support its potential use in chemoprevention and treatment of a wide variety of tumors including breast, 257 gastrointestinal, 258,259 melanoma 260 and sarcoma. 261 However, this promising molecule suffers from some limitations, especially short shelf life or low bioavailability, respectively due to its poor chemical stability and its poor absorption, low water solubility, rapid metabolism and rapid systemic elimination. 262 Nanoencapsulaion has been addressed as an innovative and emerging technology for resolving these shortcomings. Rafi ee et al. recently summarized the different delivery systems used for loading of curcumin, including lipidbased, chemical polymer and biopolymer-based, nature-inspired, special equipment-based and surfactant-based techniques, 263 briefly presented here after with a non-exhaustive number of references.

First, there exists widely used lipid-based techniques to achieve curcumin's encapsulation: nanoemulsions, nanoliposomes and lipid nanoparticles loaded with curcumin. Liposomes are the most commonly encountered, but however suffer from some drawbacks, including the reticuloendothelial clearance and/or immune response. 264 A few years ago, Arab-Tehrany et al. for example reported that chitosan-coating enhanced the stability of nanoliposomes and slowed the release of encapsulated curcumin in the simulated gastrointestinal environment. 265 Pol ymer-based techniques were also shown to be efficient for nanoencapsulation of curcumin, comprising chemical polymer-based techniques, 266,267 biopolymer-based techniques and dendrimers. Bi opoly mer-based techniques include themselves several strategies: single biopolymer nanoparticles, 268 comple xation of biopolymers 269 (including coacervation) 270 and hydrogels. 271 Nanoencapsulation of curcumi n was also achieved based on nature-inspired techniques: unique structural and functional properties of caseins (major protein in cow's milk) and cyclodextrins (cyclic polymers -ring structure -produce d from starch by enzymatic conversion) make these two natural molecules promising nanocarri e rs for curcumin in pharmaceutical and food industries. Synthesis of new water soluble β-Cyclodextrin@Curcumin conjugates and in vitro safety evaluation in primary cultures of rat cortical neurons has for example been described by Arab-Tehrany et al. 272 Some techniques for nanoencapsulation of curcumin require special equipment: electrohydrodynamic processe s 2 7 3 ,2 74 or nanospray dryer 275 for instance. A last category of surfactant-based techniques has been reported for nanoencapsulation of curcumin, which use niosomes 276 and cubosomes. 277 I was partially involved in the work presented in this chapter: I synthetized the MLWV, worked on the control of their dispersity and verified their viability in cell culture medium. I collaborated then with a postdoctoral researcher, Silvia Alonso de Castro, who had a strong background in biology and initiated me to cell culture to conduct cell viability experiments. She was in charge of the encapsulation of curcumin and received the help of the intern Korin Ozkaya. They went further by investigating the curcumin loaded MLWVs uptake in different cell lines, by conducting a mechani stic study to explain the cytotoxic effects observed and by encapsulating other molecules. All results are presented and discussed in Project paper III.

CHAPTER III: Synthesis and characterization of hybrid gels: mechanical strength
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Introduction

The work presented up to now was performed under diluted conditions for both biopolymer and biosurfactant (< 1 wt %). Chapter I focused on the interactions between biosurfactants and polyelectrolytes as function of the pH. At basic pH, their opposite charges result in the formati on of complex coacervates. The unique pH-triggered phase behavior of biosurfactants allowed us to explore the effect of amphiphile phase transitions within complex coacervates, a particularly interesting topic also for the field of colloid sciences. In the case of micelle-to-fiber phase transi ti on, biosurfactant fibers and polyelectrolyte chains display orthogonal behaviors and finally coexist in solution, while the micelle-to-vesicle phase transition was found particularly efficient to synthe tize well-defined multilamellar walls vesicles (MLWVs), of which the biocompati bi lity and pote nti al to encapsulate hydrophobic drugs are explored in Chapter II. One could then wonder what happens upon increasing concentrations of both biosurfactants and macromolecules.

Using the PEC employed in Chapter I raises some issues at higher concentrations (> 1 wt%) , especially PLL which is an expensive chemical. We then decided to keep working with the natural, readily available, macromolecules, gelatin, chitosan and alginate. They are well-known to display hydrogelation properties at sufficiently high concentrations and under optimized conditions of temperature, pH or type of counterion. Concerning biosurfactants, there exists studies presenting hydrogels with unique properties at concentrations > 1 wt%. 119,157,160,165 Concentrated fibers of SL-C18:0 were reported to form self-assembled fibrillar networks (SAFiN) 157 while concentrated G-C18:1 vesicles do not seem to form hydrogels, even if vesicular hydrogels are reported for other compounds. 278 Naturally coming questions related to the work presented in Chapter I are: what happens upon mixing concentrated biopolymer (> 1 wt%) with fibers or vesicles? Will they behave in an orthogonal way, as observed combining G-C18:1 and SL-C18:0 with alginate or gelatin under dilute conditions? (see Chapter I) Are phase transitions possible in a concentrated system? Whi ch are the consequences on the gel properties? This introduces to the notion of polymer hydrogels and h ybri d hydrogels, a specific class of which is known in the literature as interpenetrated polymer ne tworks, IPN, when two or more polymers are mixed together. 61 Hydrogels are often composed of a 3D network of a hydrophilic polymer, formed through crosslinking or entanglement of polymer chains, able to swell in an aqueous environment. The re e xists a variety of mechanisms leading to gelation, either physical or chemical as illustrated by Figure 26. Their high content in water makes them suitable and interesting for a wide range of applications, from tissue engineering, drug delivery or soft electronics to actuators. 279 Classical hydrogels commonly suffer from limited mechanical strength and undergo permanent breakage. The lack of desired dynamic and structural complexity within the hydrogels are other drawbacks l i mi ting the i r functions. Advanced engineering of parameters such as mechanics and spatially/temporally controlled release of (bio)active moieties, as well as manipulation of multiscale shape, structure, and architecture, could significantly widen the applications of hydrogels.

One strategy increasingly employed to address such challenges is the incorporation of a second polymeric network, resulting in IPN hydrogels displaying both networks' properties. 61 Both physi cal and covalent crosslinking chemistries have been used for the formation of IPN hydroge ls that have been explored for in vivo applications. 61 For example, ionic physical crosslinking between alginate and poly(ɣ-glutamic acid) crosslinked by lysine results in an IPN hydrogel, which has be e n use d for full-thickness cartilage defect in the trochlear grooves of rabbit femurs and was well integrated between the neo-subchondral bone and the surrounding host bone. 280 On the other hand, coval e nt crosslinking based on Schiff-base reaction between glycol chitosan and dibenzaldehyde functionalized PEG, and alginate forms a IPN hydrogel which was subcutaneously injected into mouse model and induced slight inflammation and local production of GAG at the site of implantation. 281 The idea in this and the next chapters is to synthetize and characterize an IPN -like hydrogel, whereas one polymeric component is constituted by a biopolymer (gelatin, chitosan HMW, alginate…) but where the second polymer is substituted by a self-assembled biosurfactant. The role of the biopolymer is then essentially to generate a mechanically strong scaffold, the properties of which may be stimuli-dependent (pH, ion, T). The impact of the known phases of the biosurfactants on the biopolymer hydrogels will then be evaluated (Chapter III). The interesting aspect of this approach i s that the phase behavior of the surfactant can also be externally triggered, in pri nciple modifying the properties of the hybrid network (Chapter IV). One should also note that the stimuli may not be the same for the biosurfactant and the biopolymer, thus making the hybrid system potentially responsive to a multitude of stimuli at once.

In the specific case of the fiber phase, the biopolymer and biosurfactant could form an interpenetrated hybrid network, having a certain analogy with an IPN (but not being an IPN). Gelification of the biopolymer and biosurfactant generally occurs separately, either se que nti ally or simultaneously. This implies the notions of orthogonality and self -sorting, intimately linked but wi th some subtilities. 282 A typical orthogonal self-assembly process relies on multiple reversible interactions that are orthogonal to each other, 283,284 whereas self-sorting efficiently uses the encoded information in individual components to provide a « clean » mixture by « recognizing self from nonself ». [285][286][287][288] Würthner et al. 285 pointed out five molecular codes driving self-sorting : size and shape, 289-305 steric effects, 306-310 coordination sphere, 311-318 charge transfer [319][320][321][322] and complementary hydrogen bondings. [323][324][325][326][327][328][329][330][331] Reversible interactions and intrinsic information are of course both involved in multicomponent systems. 282 The biosurfactants used here are in principle the same as the ones used in Chapter I, namely SL-C18:0 and G-C18:1 (Figure 8, Chapter I, page 44). Their stable phases at room temperature are micellar (basic pH), vesicular (G-C18:1 only, acidic pH) and fibrillar (SL-C18:1 only, acidic pH). Unfortunately, we encountered several issues with the fibrillar phase generated by SL-C18:0 whi ch was then no further used. First, the molecule was not available in sufficient quantities. Then, this molecule systematically displays a pH-induced micelle-to-fiber phase transition 125 , but this is more capricious regarding the formation of SAFiN hydrogels. 157 Due to solubility and diffusion i ssues, the rate of acidification controls the fiber homogeneity, resulting either in spherulites (precipitate in solution) or in homogeneous fibers (which form hydrogels). Reproducibility would have thus be e n a challenge using this compound in a viscous medium. By chance, a colleague at our lab (A. Poirier, postdoc) observed fibrillation and gelation of G-C18:1 itself, when calcium ions are added to its micellar phase above pH about 7. His work puts in evidence a systematic homogeneous fi be r phase under both diluted and concentrated conditions, studied by rheology, small angle X-ray scatte rri ng and rheo-SAXS. Reproducibility was also very good and stability was high up to 50°C. 126 Thi s fi bri l l ar phase of G-C18:1 will be referred to as {F}G-C18:1.

The unexpected fibrillation of G-C18:1 opens very interesting opportunities, because one can then employ one single molecule to form three phases, as illustrated by Figure 27. This aspect is important, as it excludes possible molecule-specific effects. Three cases can now b e di sti ngui shed. The first one consists in mixing biopolymer and micelles. The second one consists in mixing biopolymer and vesicles, following the work of Dowling et al., for example. Sodium ol e ate (NaOA) vesicles were added to a gelatin gel and the whole system exhibited efficiency in encapsulati ng and releasing calcein dye. 332 The last case, which generates increasing interest in classical gels sci e nce , 80 consists in mixing a biopolymer and self-assembled fibers.

The influence of each phase on the mechanical properties of the hybrid gels will be investigated and external stimuli will be triggered on these latter to evaluate their functionality. Mechanical strength and stimuli-responsivity will be discussed separately, in chapters III and IV, respectively. Chapter III will be divided into three main subsections, one for each bi opol ymer. The first one, related to gelatin, will detail the influence of each G-C18:1 phase on the hybrid gel's mechanical properties. Details will be given in the joined article for other biopolymers, and additional experiments, specific to each biopolymer, will be presented in the corresponding subsection.

Figure 27 -Summary of the three stimuli-responsive phases obtained in water from the G-C18:1 molecule at concentrati ons >1 wt% (< 10 wt%). {V}G-C18:1 refers to the unilamellar Vesicle phase of G-C18:1 (pH< 7), {M}G-C18:1 refers to the Mi ce l l ar

phase (pH> 7) and {F}G-C18:1 to its Fiber phase (pH> 7 + Ca2+).

Experimental part

Chemicals

In this work, we employ the same microbial glycolipid G-C18:1 than in Chapter I and Chapter II, of which the structure and phases above 1 wt% are reminded in Figure 27. The three polymers use d in this work, gelatin (type A, from porcine skin, M w ≈50-100 kDa, isoelectric point 7-9), alginate (from brown algae, medium viscosity, M w ≈20-240 kDa, pK a ≈4) and chitosan (high molecular weight, HMW, from shrimp shell, practical grade, M w ≈190-375 kDa, pK a ≈6.5) with a deacetylation degree >75%, are purchased from Sigma Aldrich. Collagen is also tested and it is extracted from rat tail following a well-mastered procedure at Laboratoire de Chimie de la Matière Condensée de Paris. 333 

Preparation of the hydrogels

Stock solutions. The G-C18:1 stock solution at concentration, C G-C18:1 = 40 mg/mL, is prepared by dissolving the G-C18:1 powder in the appropriate volume of milli-Q grade water at pH= 6 or 8, adjusted with a few µL of NaOH 5 or 1 M solution. The stock solutions for each biopolymer are prepared as follows. Gelatin: 80 mg of gelatin powder is dispersed in 2 mL of milli-Q water, for a concentration of C gel at i n = 40 mg/mL. The gelatin stock solution is vortexed and set in the oven at 50°C. Once the solution is homogeneous, pH is increased up to pH 6 or 8 with 1-5 µL of a 0.5 M -1 M NaOH solution. Chitosan: 100 mg of chitosan dispersed in 10 mL of 0.1 M acetic acid aqueous solution for a concentration C= 10 mg/mL. For an optimal solubilization, the chitosan stock solution is stirred during one day be fore use. Alginate: 100 mg of alginate powder is dispersed in 10 mL of Milli-q water for a concentration C= 10 mg/mL and stirred until complete solubilization. The magnetic stirrer usually sticks upon water addition; in this case, a manual help may be required to improve stirring. For a typical vol ume of 10 mL, pH is then increased to 6 or 8 with 1-10 µL of a 5 M or 1 M NaOH solution under stirring. Stirring and vortexing are eventually necessary to obtain a homogeneous alginate solution . Collagen: A 0.54wt% solution in 17 mM acetic acid was provided by a collegue and stored at 4°C. For a typical volume of 1 mL, pH is then increased to 6 or 8 with 1-10 µL of a 5 M or 1 M NaOH.

Preparation of the hybrid gels {F}G-C18:1 fibrillar gels (no biopolymer).

For a 1 mL sample, one increases the pH of 1 mL of the G-C18:1 stock solution up to ≈8 using 2-5 µL of a 5 M or 1 M NaOH solution. CaCl 2 solution (1 M, V CaCl2 = 33.5 μL, [CaCl 2 ]= 33.5 mM) is manually added for a total [CaCl 2 ] : [G-C18:1]= 1 : 1.3 molar ratio. The final solution is stirred and a gel is obtained after few minutes at room temperature.

{X}G-C18:1/biopolymer gels (X= V, M or F).

A volume of 500 µL of the biopolymer stock solution is mixed with 500 µL of G-C18:1 stock solution (sample) at the same pH (6 or 8) to prepare either vesicle-containing ({V}G-C18:1/biopolymer, pH 6) or micelle-containing ({M}G-C18:1/biopolymer, pH 8) hydrogels. For the controls, 500 µL of the biopolymer stock solution and 500 µL of G-C18:1 stock solution are each mixed with 500 µL of water. For the fiber-containing gels, in a typical vol ume of 1 mL, a CaCl2 solution (1 M, V CaCl2 = 33.5 μL, [CaCl2] = 33.5mM) is eventually manually added to form {F}G-C18:1/biopolymer gels, for a total [CaCl2]: [G-C18:1] = 1: 1.3 molar ratio. This procedure is the same for gelatin, collagen and chitosan at pH 8. In the case of alginate at pH 8, a volume of V CaC l 2 = 50 μL of a CaCl 2 solution ([CaCl 2 ]= 1 M) is added, for a final CaCl 2 concentration of 50 mM and [CaCl 2 ] : [G-C18:1]= 1 : 0.86 molar ratio and [CaCl 2 ] : [alginate]≈ 1 : 0.0015 molar ratio. The final solution is stirred and a gel is obtained after resting a few hours at room temperature.

{F}G-C18:1/chitosan gels.

A second, specific procedure, was tested to prepare only fibrillary {F}G-C18:1/chitosan gels, because the procedure above resulted in a heterogeneous me dium. Both will be commented in the results section. 1 mL of the acidic chitosan stock solution is mixed with either 1 mL 0.1 M acetic acid aqueous solution to prepare a control or with 1 mL of G-C18:1 solution, to pre pare the final sample. The pH of the mixture is acidic and not adjusted further. The sample is vortexed and eventually a volume of V CaCl2 = 67 μL of a CaCl 2 solution ([CaCl 2 ]= 1 M) are added, followed by furthe r mixing, for a final concentration of CaCl 2 in the sample of 33.5 mM and a [CaCl 2 ] : [G-C18:1]= 1 : 1.3 molar ratio. The sample is then poured in a 35 mm Ø petri dish. The opened dish is localized under a glass bell containing a 1 M ammonia solution. A homogeneous gel, of which the pH is estimated to pH≈ 10 according to pH paper, is obtained after 3 h. The pH is then eventually decreased down to 8 or 6 by successive washes with milliQ water.

Table 12 summarizes the reference, sample and stock solution concentrations in wt% employed throughout this study. 

Transition diluted/concentrated systems

We worked in Chapter I with a 2.5-2.5 mg.mL -1 optimized amount of G-C18:1-macromolecule in G-C18:1/PEC systems (M w PEC ≈ 5 kDa) regarding the G-C18:1/PEC charge ratio, where the PEC was the cationic polyelectrolyte (Figure 10, Chapter I, page 46). When employing an approximatively 50 times heavier compound such as high molecular weight (HMW) chitosan (M w ≈ 282.5 kDa), we thought to adapt the amount of HMW chitosan with respect to the content of G-C18:1. To keep an optimal charge ratio while keeping the G-C18:1 concentration constant, we should thus divide by 50 (this corresponds to the mass ratio between HMW chitosan and chitosan lactate CHL, being 5 kDa; see Chapter I) the amount of HMW chitosan. We explored this route by recalling the properties of the G -C18:1/CHL system, studied in Chapter I. In an optimal charge ratio, they form MLWVs at neutral/acidic pH. MLWVs can be easily detected by optical microscopy under crossed polarizers, due to the birefringence of the multilamellar walls. Birefringence of supposed MLWVs was checke d for a system composed of 2.5 mg.mL -1 of G-C18:1 and( 2.5/50)=0.044 mg.mL -1 of chitosan. However, we could not find any significant birefringent colloid. We then decide to optimize the G-C18:1-tochitosan ratio. We multiply by 100 the quantity of chitosan keeping the same amount of G-C18:1 (2.5 mg.mL -1 ): birefringence was observed for 2.5-4.4 mg.mL -1 . We also multiplied by 50 the amount of initial content of G-C18:1, for a 10 mg.mL -1 concentration of chitosan. In this case, the mixture is viscous, opaque, and hardly usable. Eventually, if we keep the mass ratio equivalent, birefringence i s also observed for both 2.5-2.5 and 10-10 mg.mL -1 G-C18:1-chitosan solutions. We thus chose this mass ratio of 1, which probably does not reflect exactly the negative-to-positive charge ratio, but 1) it shows the presence of MLWVs, thus indicating that the charge ratio is not too far off; 2) it is highly convenient to work with; 3) it allows formation of chitosan hydrogel. In the absence of MLWVs formation with gelatin and alginate, their final concentrations were rather retaine d to be comparable with HMW chitosan. This discrepancy between theoretical and experimental chitosan amount can be explained by the different degrees of deacetylation between CHL (> 90%) and HMW chitosan (> 75%) and thus a different number of free amine groups.

For the final systems, we retain a G-C18:1/gelatin or alginate (2 wt%-2 wt%) and G-C18:1/chitosan HMW (2 wt%-1 wt%). For example, it is required to prepare a 2 wt% chitosan HMW stock solution to get a final concentration of 1 wt%, and a higher amount makes the compound difficult to manipulate for the procedure we follow (described in the related papers).

All gels were mainly characterized through their loss and storage moduli, determined by rheol ogy, a technique widely used to follow sol-gel transition and understand structural features involved i n ge l formation (Annex 2).

For the method of analysis, two options were explored. Either the heated G-C18:1/biopolymer mixture was deposited in its sol state on the plate (the sol-gel transition occurrs in-situ) and mechanical properties were followed over time at fixed shear strain and frequency, or the sample was deposited in its gel state and mechanical properties were followed over time at fixed shear strain and frequency as well. Preliminary experiments performed with gelatin according to the first opti on (data not reported) show that the mechanical properties reach a plateau once the sol -gel transition is crossed. However, further, sudden increase in the elastic modulus was spuriously observed afte r an uncontrolled amount of time (minutes to ten of minutes). We found out that such incre ase was not real and it was most likely explained by evaporation and drying phenomenon at the plate -plate junction (1 mm), rather than to a real increase of the properties. Similar effects were also observed in a couette cell environment. This approach was no more investigated and following experiments were performed according to the second option, once gelification is done out of the rheometer.

Throughout this chapter, we perform oscillatory rheology and record the mechanical properties of gels over a 5 min time range. This requires a preliminary study to identify the linear viscoelastic domain (LVER): all samples were initially analyzed in function of frequency and shear s train to determine LVER and typical experiments are shown in Figure 28. Once the frequency (1 Hz) and the shear strain (0.1%) are fixed (average value of the linear domain chosen), experiments are performed in function of time to evaluate G' and G'': a gel is usually called so when G' ≥ ≈10G''. The structure of the gels was then assessed by means of SAXS experiments, performed on the Swing beamline at Soleil Synchrotron. Experiments were performed using standard ex situ borosilicate capi ll arie s (1.5 mm) 

G-C18:1/biopolymers

The present work consists in mixing each of the three G-C18:1 phases presented in Figure 27 wi th an aqueous biopolymer solution in the concentration range discussed above. Biopolymers tested are the following ones: gelatin (which does not interact with G-C18:1, Chapter I), collagen (of whi ch the composition is the same than gelatin, but with an enhanced biological interest in tissue engineering), alginate (which exhibits calcium dependent gelation properties), and chitosan.

The entire approach as well as additional experiments will be detailed for gelatin, preliminary resul ts obtained with collagen will be presented as they are not included in the related Project paper III, motivations for the choice of alginate and chitosan will be discussed but the reader is addre sse d to Project paper III for experimental results and comments.

G-C18:1/gelatin

According to experiments presented in Chapter I, gelatin does not interact with G-C18:1 under diluted conditions. As shown in Figure 27, Chapter III, G-C18:1 forms three different structures and each one will be tested with gelatin. We expect either vesicles or mi celles loaded gelatin gels or orthogonal gels combining fibers and polymer networks. For the latter case, we have verified in a control experiment that 33.5 mM calcium (Table 12) have no influence on the mechanical properties of gelatin (data not shown).

Gelatin + {M}G-C18:1

Micellar solutions of G-C18:1, having the notation {M}G-C18:1, at 2 wt%, are liquids, with obviousl y no measurable elastic properties. The storage modulus of a 2 wt% gelatin gel, recorded within about 5 min from loading the gel onto the rheometer, is about 50 Pa (Figure 29, right, yellow). Conclusions are first that a colloidal solution of micelles dilute the gelatin gel and slightly decrease its elastic modulus, and secondly that the resulting gel formed through an orthogonal process.

Gelatin + {V}G-C18:1

Vesicular solutions of G-C18:1, {V}G-C18:1, at 2 wt%, are liquid, with obviously no measurable elastic properties. The storage modulus of a 2 wt% gelatin gel, recorded within about 5 min from loading the gel onto the rheometer, is about 50 Pa (Figure 31, right, yellow). As illustrated by Figure 31, left, the addition of vesicles inside a gelatin gel has a macroscopic consequence: a transparent gelatin gel combined to a liquid vesicular solution results in a gel with enhanced turbidity. This qualitative result is supported by quantitative rheology experiments. Concerning the mechanical properties, vesicles do not provide any additional strength to a gelatin gel and even decrease its storage modulus value from 50 Pa to 30 Pa, as shown by Figure 31, right, displaying a similar effect as in the {M}G-C18:1/gelatin system discussed above. Related SAXS profiles are given in Figure 32: the red profile of {V}G-C18:1 is the one expected from vesicles 121 while the yellow one of gelatin is typical of a polymer chain in an good solvent. The blue profile probes the sample constituted by the mixture of {V}G-C18:1 and gelatin. This profile is superimposable to the arithmetical sum of red and yellow profiles, which confirms the absence of interactions and coexistence of two networks. Conclusions are first that a colloidal solution of vesicles dilute the gelatin gel and slightly decrease i ts mechanical properties, as similarly observed for micelles, and secondly that the resulting gel forme d through an orthogonal process. All in all, for a constant concentration of gelatin (2 wt%), colloidal solutions of either micelles or vesicles dilute the gelatin gel, which loses few decades of Pa i n te rms of its elastic modulus. If we think in terms of quantity of matter, the decrease is even more drasti c, the mechanical properties of a 4 wt% gelatin gel being expected in the 100 Pa range. We chose to perform experiments at a fixed gelatin concentration, but the point quantity of gelatin vs. quantity of matter will be commented later.

Gelatin + {F}G-C18:1

If G-C18:1 micelles and vesicles are not able to gelify, G-C18:1 in its fiber form obtained i n pre se nce of calcium 126 do possess gelation properties. The gel obtained is opaque as shown in Figure 33, left.

A typical {F}G-C18:1 fiber gel (2 wt% + 33.5 mM CaCl 2 ) has a storage modulus in the 10 Pa range (Figure 33, right, red squares). This value is increased in presence of gelatin up to 100 Pa, as illustrated by Figure 33 (right, purple squares), right, and even exceeds the storage modulus value of gelatin gel (with calcium) which is around 50 Pa (Figure 33, right, yellow squares). Macroscopi cal ly, the hybrid gel looks like a gel composed of {F}G-C18:1 alone (Figure 33, left). Related SAXS profiles are shown in Figure 34: {F}G-C18:1 profile (red) is typical of fibers due to the q -2 dependence at low q and exhibits three peaks which suggest a crystalline structure at high q. Indeed, these three peaks are respectively centered at q 1 = 0.24 Å -1 , q 2 = 0.3 Å -1 and q 3 = 0.47 Å -1 , and their ratio are q 2 /q 1 = 1.25 and q 3 /q 1 ≈2. The former does not correspond to an hexagonal packing (q 2 /q 1 = √2) and fibers being anisotropic, cubic phases are discarded. However,a tetragonal structure is likely formed. 126 The yellow profile of gelatin with calcium is strictly the same than without calcium. Finally, for the blue one associated to the mixture, the structural signature of fibers is present and the profile corresponds to the sum of both individual components. Concerning the gels composed of G-C18:1 fibers only, their mechanical properties increase with increasing G-C18:1 concentration. 126 For a constant concentration of G-C18:1 fixed at 2wt%, an increasing concentration of gelatin (2 to 6 wt%) enhances the mechanical properties of the hybrid gel as well (from 80 Pa to about 1000 Pa, Figure 35). Increasing the concentration of G-C18:1, keeping the gelatin concentration constant, has not been explored, yet (for lack of time, but i t wi l l be done for the oral defense): the strength is expected to come mainly from the biopolymer and our goal is to test the effect of each phase while using a reasonable G-C18:1 amount. Conclusions regarding the fiber phase are first that it enhances the mechanical properties of ge l atin hydrogels for a constant concentration of gelatin, which was not the case with micelles and vesi cl es, ans secondly that the mechanical properties reached at 4 wt% of total matter are comparable wi th a 4 wt% gelatin gel. Finally, the hybrid gel result from an orthogonal self-assembly process, in agreement with results in Chapter I and literature.

The overall conclusions regarding the influence of G-C18:1 in its micelles, vesicles or fi be rs form on gelatin hydrogels are summarized on Figure 36: neither micelles nor vesicles in a col l oi dal sol ution form but only fibers provide an enhanced mechanical strength to gelatin hydrogels for a constant gelatin concentration (2 wt%) and reinforce them up to the properties expected for a more concentrated gelatin gel (4 wt%). These conclusions are in agreement with data presented in Bibliographic chapter regarding the effect of micelles and vesicles or fibers on gels, respectively discussed pages 22 and 26. 

Influence of Ca 2+ addition rate

If the presence of calcium is essential for G-C18:1 gelification and enhancement of hybrid gel's mechanical properties, the influence of its rate of addition raises questions which involve kinetics and thermodynamic aspects, already reported to be determinant for the final mechanical properti es of a sophorolipid gel. 157 We thus compared the mechanical properties obtained after addition of the total volume manually in one shot (Figure 37, red squares) with controlled addition of calcium using a push syringe delivering calcium at a predetermined rate. According to Figure 37, all gels exhibit G' i n the 100 Pa range, with only slight differences. The trend seems to be in favor of a fast calcium addition (G'>100 Pa for addition in one shot, red squares on Figure 37, vs. G'<100 Pa for slow rates, blue and yellow squares on Figure 37). Changes of the rate of calcium addition however always results in a quite tough gel and is thus not as much important as the rate of acidification of selfassembled fibers for instance, for which a too fast acidification results in liquid dispersion of spherulites. 157 Eventually, the calcium's addition rate does not seem to be a crucial parameter to control the resulting mechanical properties of the {F}G-C18:1/gelatin gel. 

Influence of the anion

Gels were formed using CaCl 2 as a source of calcium according to an optimized G-C18:1/Ca 2+ molar ratio. 126 My colleague A. Poirier evidenced an influence of the divalent cation nature . The que stion here addressed is to know whether or not the anion associated to Ca 2+ has an influence on the gelification process of the {F}G-C18:1/gelatin system. We have tested the different salts avai labl e at the lab and the results are summarized in the following Table 13 : The mechanical properties were determined for each case and are compared in Figure 38: Most of the resulting properties are in the same order of magnitude, suggesting that the counte ri on involved, whatever their size and valency, has not so much influence on the gelation process and that interaction with calcium is not disturbed. Fluorine ions are a bit apart and display lower me chani cal properties, a likely hypothesis to explain such results are related to the electron egativity of fl uori ne ions. In addition, they are heading the Hofmeister series, or lyotropic series, 334 which classifies a series of salts displaying consistent effects on the solubility of proteins and on the stabi l i ty of the i r secondary and tertiary structure. Fluorine ions are classified as kosmotropic (or water-structure maker), 335 which means that they tend to be hydrated and contribute to the stability and structure of water-water interactions. They cause water molecules to favorably interact, which re s ults i n the stabilization of intramolecular interactions in macromolecules, especially proteins. 336 It would be thus envisaged that self-assembly of {F}G-C18 :1 fibers is disturbed. Considering the above, CaCl 2 has been used for the rest of the work.

G-C18:1/Collagen

Satisfying results obtained upon mixing G-C18:1 fibers with gelatin motivated preliminary investigations with its parent molecule, collagen, an interesting compound for biomedical applications. 337,338 If gelatin and collagen exhibit identical molecular compositions, gelation proce e ds from distinct mechanisms and results in different types of molecular assemblies. 3 39 Col l agen i s the most represented protein in human body (≈ 6 wt%) : it exists within 16 forms and is the main component of the extracellular matrix ; it provides resistance to stretching to tissues. The prote i n i s made of three associated α-polypeptides chains, composed of 1055 amino acids each, and linked through hydrogen bonds between hydroxylysin and hydroxyprolin, and covalent bonds . Each combination defines a type of collagen with its unique structure and specific localization within organs. For instance, type I collagen plays a role in the formation of the skin, tendons, bones, and cornea, while type III collagen is rather found in the cardiovascular system. In addition, fresh collagen solutions are prepared and available at our laboratory within the framework of a numbe r of ongoi ng projects. They were used as such (0.54 wt%, diluted to 0.27 wt%), without further treatment. Isoelectric point is pH ≈ 4.7. 340 As a control, we added calcium to a collagen solution: according to Figure 39, collagen's mechanical properties, as the ones of gelatin, are not particularly sensitive to the presence of calcium and remain in the 2-5 Pa range. We are now sure that any effect observed later is not due to the coexistence of these two compounds. Collagen was first mixed with {M}G-C18:1 at pH 7.9: the solution displays poor viscoelastic properties (≈ 4 Pa, red squares, Figure 40). This performance is enhanced up to 10 Pa upon calcium addition and formation of {F}G-C18:1 fibers (yellow triangles, Figure 40). If pH is then decreased to 6.9, in fiber-tovesicle transition area, properties go back to the initial level without calcium (purple squares, Fi gure 40). Upon further decrease of pH down to 6, properties keep decreasing around 2 Pa in the vesicul ar domain of G-C18:1 (orange stars, Figure 40). These results are in agreement with the key role of {F}G-C18:1 phase in the enhancement of gelatin hydrogels properties discussed above and generalize thi s conclusion to collagen.

Collagen was also studied in combination with another biosurfactant, a C16:0 derivative of sophorolipids. Motivations and results are given in Annex 3.

The structure of collagen and {F}G-C18:1 could not be studied so far, but a synchrotron run in November 2021 should allow us to confirm, or infirm, the orthogonal coexistence of collagen and fibers. If successful, results will be presented at the oral defense.

G-C18:1/Alginate

Alginate is negatively charged and is not expected to interact with G-C18:1 as described in Chapter I and known for similarly charged polymers and surfactants (bibliographic chapter), but it al so ne e ds calcium to gelify, thus competing with gelification of G-C18:1. 57 Similarly to the work on gelatin, alginate solutions will be mixed to the three phases of G-C18:1. However, alginate is particularly interesting to combine with {F}G-C18:1. We supposed that the amount of calcium had to be adapte d for the alginate-containing system, as both components need a specific amount of calcium to ge l i fy: do we need the sum of individual calcium amounts? Less? More? Several conditions were teste d to identify the right amount of calcium to add to a G-C18:1/alginate mixture at pH 8 to obtain a homogeneous gel, the following Table 14 indicates which conditions succeeded: Concerning the G-C18:1 micellar, vesicular and fibrillary phases combined to alginate, results are similar to those obtained with gelatin and are detailed in Project paper IV.

G-C18:1/chitosan HMW

We used the same approach described so far using chitosan, but we encountered some issues related to its gelation properties. Indeed, we tested two procedures to prepare gels (described in experimental part 3.2.2, page 68, and illustrated by Figure 41) and we are aware of their respective defects, even if we could not find a more reliable way to perform the ex periment. The first one consists in increasing the pH of an acidic chitosan solution (chitosan solubilized in 0.1 M acetic acid aqueous solution), which does not result in a homogeneous gel, as gelatin or alginate, but in a biphasic system. The contribution of {F}G-C18:1 makes the aqueous part gelify, but the result is more a composite hydrogel than an hybrid one: the medium is gelified but without apparent intimate interpenetration. We thus tested a second approach, based on a mixture of both components at acidic pH and using the diffusion of ammonia to increase the pH, which allows to prepare a more homogeneous media, but we realized that we do not control if the presence of calcium at aci di c pH has the effects expected at basic pH, especially the formation of fibers was not ensured consi de ring that calcium is usually added to a micellar phase and not ot a vesicular one. In addition, the control of the pH after successive washings was not precise enough using pH-paper and maybe we finally compare identical gels. 

General remarks

1) All rheological measurements were performed after gelification ex situ and can thus be compared. Indeed, a colleague and I noticed that mechanical properties of a gi ven gel can differ de pe nding on the gelification conditions: in-situ or ex-situ. We neither have a clear explanation neither have further investigated this point but it was significant enough to be mentioned.

2) It is important to consider the procedure employed to prepare the gel. Indeed, we employed a procedure and obtained gels with given mechanical properties. One has to be aware that it is not excluded that employing another procedure would have an influence on the mechanical propertie s of the gel, even if quantities and pH are the same. The effect of assembling the molecules under different conditions, i.e. the self-assembly process, is not harmless, and there is sufficient l i terature reporting that how the molecules are assembled can have a significant effect on the properties of the resulting gels. 341 For example, the acidification method was shown to induce different kinetics of gelification and consequently different mechanical properties in SL-C18:0 biosurfactant gel. 157 The impact of the process will be briefly commented in Chapter IV.

Conclusion

The present data assess the feasibility of hybrid G-C18:1/biopolymer hydrogels and the general enhancement of mechanical properties observed for all biopolymers tested compared to lonely components' hydrogels. The phase of the biosurfactant is important and drives the resulting mechanical properties, which remain at the same level with micelles or vesicles but are signi ficantly enhanced with fibers of {F}G-C18:1. In our systems, each network gelifies in response to external stimuli which generate reversible interactions, our systems would thus be categorized as orthogonal hydrogels. This point can however be discussed for alginate-based hydrogels: calcium addition be ing irreversible, self-sorting terminology may be more accurate.

At the light of these results, preliminary experiments were also conducted on other systems, first combining G-C18:1 with collagen, a molecule of choice for biomedical applications. Same trends seem valid for this system. Interesting results were obtained mixing collagen with a new biosurfactant, SL-C16 :0, both molecules having opposite pH-dependent viscoelastic behaviors: the i r synergy provides mechanical strength to the hybrid gel over a wider pH-range.

Main results concerning {F}G-C18:1/gelatin, chitosan HMW or alginate hydrogels are prese nted and discussed in the project paper entitled Mechanical reinforcement of biosurfactant/biopolymer hydrogels through interpenetrating networks. Supported by additional experiments described in thi s chapter, they emphasize the potential of biosurfactants to overcome the mechanical strength issues encountered in common hydrogels. 

Introduction

As a short summary of Chapter I, micelle-to-fiber and micelle-to-vesicle phase transitions triggered inside biosurfactant-PEC complex coacervates result in the orthogonal be havio r of fi bers and polymer chains and in the formation of MLWVs, respectively. These latter are further de scri be d in Chapter II which emphasizes their poor cytotoxicity, their efficiency to encapsulate curcumi n and release it in cancer cells. Orthogonal systems are however interesting in other conditions: Chapter III focuses on their hydrogelation properties; the synthesis and the characterization of hydrogels possessing enhanced mechanical properties are described. The fibrillar phase formed by G-C18:1 (i n the presence of calcium ions) was found to be the key to reinforce the mechanical properties of a wide range of biopolymer-based hydrogels, contrary to micelles or vesicles.

Polymeric hydrogels are generally stable in time, but external stimuli (temperature or pH, Table 15 and Table 16) or interpenetration with a second polymer network can modify and control their mechanical properties for a wide number of applications as in texti le development or drug delivery. Both physical (temperature, light, shear/strain) and chemical (pH, ionic strength, redox, enzymes) stimuli may control the hydrogel properties. Although responsive single network hydrogels can be designed, the secondary network provided by IPN hydrogels allows to better modulate individual network mesh sizes and trigger selective network degradation to drive hydrogel fe ature s (drug delivery among others, as illustrated by Figure 42). 343 As discussed in the bibliographic chapter, biosurfactants are highly sensitive to external stimuli, mainly pH but also temperature or light. As G-C18:1 does not interact with the biopolymers tested neither under diluted (Chapter I) nor concentrated (Chapter III) conditions, we can expect that it keeps its stimuli-responsivity even in presence of a biopolymer, and, in the best-case sce nario, the biosurfactant's responsivity to an external stimulus affects the overall mechanical properties.

Stimuli-responsivity in G-C18:1 + biopolymer concentrated systems

In Chapter III, we studied mixtures of biopolymer with different phases at thermodynamic equilibrium. The present chapter will be devoted to explore the effect of stimuli in complex medium, knowing that G-C18:1 responds to pH, 117 to calcium and temperature (may it be in the fibrillar 126 or vesicular phase 121 for the latter parameter), while the biopolymers are sensitive to pH (chitosan), salt (alginate) and temperature (gelatin).

The goal is to evaluate the effect of pH and temperature over the mechanical properties of the hydrogel. There exists a cutting-edge method for this purpose, which allow to follow in situ the viscoelastic properties of the gels: rheo-SAXS. (Both were performed in parallel in Chapter III, the y are here simultaneously performed on the same sample). Rheo-SAXS can be used for te mpe raturedependency studies. Unfortunately, this experimental setup is not adapted to study the effect of calcium diffusion or its manual addition. However, pH effects are relatively easy to study. We discuss below four possible methods, which could be employed to adapt pH variations studies to the rhe o -SAXS environment (couette cell).

1. An external buffer solution can be used, as described in the work of Dowling et al. 332 and shown in Figure 43, left: pH 10 buffer solution is put in contact with a G-C18:1 vesicles loaded gelatin gel, and the vesicle-to-micelle phase transition can be macroscopically followed. Vesicular environment is more turbid than micellar one, and this loss of turbidity can be estimated over time, as shown by Figure 43, right. The vesicular (h) and micellar (h') fronts, evolve in an opposite way and are totally reversed within 24h. This experiment validates that phase transitions can occur in these concentration conditions and in this complex medium. Interestingly, the contrary was not observed using a pH 4 buffer solution. A likely hypothesis, discussed by Dowling et al. for their own system, 332 is related to the mesh size of the gel: thi s latter retains the vesicles, which are large enough to be trapped within the gel, whereas micelles can escape from the gel into the surrounding buffer, the gel being consequently depleted in micelles. Dowling et al. did not characterize their NaOA vesicles -loade d ge lati n gels in terms of mechanical properties, but we have shown in previous chapter that mice l l es and vesicles do not enhance the mechanical properties of the biopolymer-based gel. The functionality is however different, they performed for example controlled release of cal ce i n from vesicle-loaded gels, an unexplored point concerning our systems but which deserves further investigations. This approach is visual and practical, but hardly adaptable to in situ rheo-SAXS experiments. In addition, it only seems accurate to increase the pH, but not to decrease it, while our work first targets the basic-to-acidic pH-induced phase transitions.

2. A second approach is to trigger basification/acidification by diffusion of a volatil e base /aci d (NH 3 , acetic acid, HCl…) but this method is also hard to put to practice for an in situ rheo-SAXS study.

3. It is also possible to change pH manually by addition of base/acid using a micropipette (and a pH-meter). This method was efficient to work at the lab and also nicely adaptabl e to i n si tu SAXS under diluted conditions, as shown in the experiments presented in Paper I, Chapter I. However, it cannot be adapted neither to a classical rheology nor to a rheo -SAXS environment.

4. A last approach is to employ the low-molecular weight sugar GDL (glucono-𝛿-lactone), 345 widely used as a straightforward, economic, and smart method to reduce the pH in an homogeneous, although uncontrolled , manner inside both liquid and viscous solutions. GDL spontaneously hydrolyzes into gluconic acid and is commonly used to prepare strong lowmolecular weight gels by homogeneously decreasing pH without interfering with the selfassembly process. 346 The kinetics and final pH are poorly controlled but this method allows to efficiently follow our system's behavior, we thus selected it to perform rheol ogy, SAXS and rheo-SAXS: after GDL insertion, the sample is splitted into two, half being de posited on the rheometer and half being in a vial, in which the pH-meter is dipped. Both experiments are then started with about 2 min delay. Gels are prepared according to the experimental part of Chapter III, with the only differences being the pH which is specifically increased up to 10 for these pH-resolved experiments, and the concentrations which are divided by two for a better dispersion of GDL powder.

We focused on the functionality of gels involving the fi brillar phase, which has improved elastic properties with respect to gels involving micellar or vesicular phases, as concluded from Chapter III.

We conduct a systematic study presented in this new chapter, which addresses the influence of phase transitions triggered in more concentrated systems and investigates in situ the responsivity of hybrid nanofibers/biopolymer hydrogels to external stimuli, the nanofibers be i ng composed of G -C18:1 containing calcium, as described in Chapter III ({F}G-C18:1). The present work combines rheology with small angle X-ray scattering (SAXS), rheo-SAXS, to correlate, in situ, the structural and mechanical properties of hybrid {F}G-C18:1-biopolymer hydrogels upon application of two di fferent stimuli: pH and temperature. Experiments were run at the Swing beamline of Soleil synchrotron (Saint-Aubin, France) using the in house Anton Paar rheometer, equipped with a couette cell. Further technical details are given in the joint publication.

Rheo-SAXS investigations of structural and mechanical properties of hybrid {F]G-C18:1-gelatin hydrogels

This chapter is structured as Chapter III: only experiments regarding gelatin, our refe re nce syste m, are shown and discussed. They are reproduced using alginate and chitosan, related concl usi ons are integrated in Project paper V.

PH effect

First, rheology and SAXS control experiments (not performed in situ) regarding gelatin are presented in Figure 44, left and right respectively. Mechanical properties of gelatin at a concentration of 2 wt% are slightly higher at pH 8 than pH 6 (50 vs. 20 Pa, Figure 44, left), while its structure is not significantly changed according to Figure 44, right: the slope of SAXS profiles is different at pH 6 and pH 8 (higher at pH 8 than at pH 6, red vs. blue profile), meaning that the radius of gyration (extracted from the Guinier law, Eq.2), reflecting polymer-polymer interactions, is different. 347 Thi s i s due to a different aggregation state of the polymer, which is explained by a different charge density: at pH 8, gelatin is closer to its isoelectric point than at pH 6, charge density is thus decreased as well as repulsive interactions, which results in a more compacted structure and so a lower radius of gyration.

(Eq. 2) Mechanical properties and structural data of {F}G-C18:1 at pH 8 are respectively known from Fi gure 33 and Figure 34 in Chapter III (page 75). No data are available at pH 6 as the fibers disassemble below pH 7: calcium induces precipitation of G-C18:1 under acidic conditions, probably due to the formation of a lamellar structure. 126 In order to study the effect of phase transitions in the {F}G-C 18:1/gelatin hydrogel induced by GDL in an in situ rheo-SAXS environment, we needeed to perform some preliminary optimization tests. First, the GDL quantity employed (quantities were calculated in equivalent regarding G-C18:1), and the n adapting concentrations for a better GDL dispersion. According to Figure 45, left, 7.7 mg.mL -1 of GDL (for 2 wt% {F}G-C18 :1) is not a sufficient quanti ty to explore properties below pH 7. Increasing GDL quantity up to 15.4 mg.mL -1 for the same lipid content allows to overcome this point, but we encountered reproducibility issues, which we attributed to the high viscosity of the medium, causing poor homogeneity during GDL dispersion. To solve this problem, we decided to work with diluted solutions (factor 2) of {F}G-C18:1 and gelatin, and we adapted the quantity of GDL employed to 10 mg.mL -1 . Results are shown in Figure 46, left. Rheological data show that pH lowering triggers a loss of mechanical properties from 100 Pa to below 1 Pa, associated to a loss of structure according to the disappearance of the fiber structural peaks (q 1 = 0.24 Å -1 , q 2 = 0.3 Å -1 and q 3 = 0.47 Å -1 ) 126 by SAXS from pH 10 (a) to 6.47 (c) (Figure 46-right).

1

Does the way phase transitions are triggered impact the resulting mechanical properties?

We have just concluded that {F}G-C18:1/gelatin gels lose their viscoelastic properties at pH 6, but it is legitimate to wonder if this effect is real, as we obtained not so bad {V}G-C18:1/ gelatin gels in Chapter III. However, the experiments were repeated at least three times on the rhe ome te r wi th a plate-plate geometry (normal force fixed to 0) and at synchrotron using a couette cell, the only hypothesis is that there is an influence of the way phase transitions are triggered. Experiments were performed to test this hypothesis and related results are given in Figure 47. Two procedures are opposed to prepare gels: the first one is closely related to the work performed under diluted conditions and consists in mixing both polymer and surfactant at pH≈ 8 before lowering the pH down to 6 (red squares), while the second one simply consists in mixing both solutions directly at pH 6 (blue squares). According to Figure 47, the final properties are decreased when the proce dure wi th pH change was used, but in both cases the gel is quite strong at pH 6. These results seem in contradiction with the loss of elastic properties displayed at pH 6 in Figure 46, but we i de nti fi ed an effect of time on the elastic properties: when a sample typically prepared by in situ acidification as i n Figure 46 was left overnight, it partially recovered its elasticity the day after. This qualitative argument is supported by the experiment shown in Figure 48. A hybrid {F}G-C18:1 + gelatin (2-2wt%, pH 8) sample is prepared and split in two separate vials. Both vials are left at rest during 2h30. The first vial is then analyzed during 15 min (Figure 48, left) and the elastic modulus reaches a pseudo-plateau at about 100 Pa. At this moment, the pH of the second vial is decre ased to 6 and its properties are rapidly recorded over time. Indeed, the elastic modulus of the ge l of whi ch the pH is decreased to 6 is weaker by about one order of magnitude than the initial gel at pH 8, although it is still a gel and not a sol, as observed during the in situ, GDL-induced, decrease of pH (Figure 46, left). As hypothesized, when the gel at pH 6 is left at rest in the rheometer, its elastic modulus slowly increases over time (Figure 7, right). The abrupt increase in the elastic modulus above 4000 s (Figure 48, right) shows the effect of drying on the gel and it validates, again, our methodological choices to work. and after the pH is decreased to 6. Sudden increase in G' after 4000 s is due to drying.

Temperature effect

The same approach was used to investigate the effect of temperature at fixed pH by programmi ng a heating/cooling temperature gradient from 20 to 50°C on the rheometer. If the results are given and commented in Project paper V, we show hereafter the approach to select the rate of temperature variation (eventually, 1°C.min -1 ).

We mentioned in Chapter III that resulting mechanical properties of the gels do not de pe n d on the calcium addition rate. The influence of the pH change rate was not investigated because it doe s not seem to play an important role for {F}G-C18:1 On the contrary, we do test the rate of temperature change, known to have an effect on the fibrillation of SAFiN. 348,349 Temperature of the {F}G-C18:1/gelatin hybrid gel has been changed at two different rates (1 and 10°C.min -1 , from 20 to 50°C, Figure 49 -Mechanical properties of a {Ca}G-C18:1 gel in function of temperature at to different heating/cooling rates). The initial G' at t= 0 (T= 20°C) are slightly different due to different aging of the samples. This aspect is not relevant for the present experiment. The expected gel-sol transition occurs around 45°C in both cases because of the known temperaturedependent network softening of both gelatin and {F}G-C18:1 (the latter studied in parallel by A.

Poirier at LCMCP). Upon cooling, both experiments show recovery of mechanical properti es around 40°C. This is interesting because it shows that the material does not have a « heat » memory and i ts properties do not depend on its previous heating-cooling cycle. 

CONCLUSION -PERSPECTIVES

This section not only aims at summarizing the main results presented in this manuscript but will more largely try to replace them in the existing literature and highlight the most significant perspectives. The field of biosurfactants is quite young, but benefits from a solid specific knowl edge acquired at the Laboratoire de Chimie de la Matière Condensée , which has inspired the work of thi s PhD project, which finally adds some new aspects to this growing literature. It is worth notici ng that due to the double identity of biosurfactants (surfactants and lipids), this work does not only complete literature related to (bio)surfactants, but more largely the one of bioamphiphiles.

First, we evidenced in Chapter I the formation of complex coacervates, generalized between biosurfactants and oppositely charged polyelectrolytes in alkaline pH conditions. This was already widely reported for chemical surfactants, especially by Dubin et al. 7,226,228,234,[350][351][352] However, it is quite rare to propose a crossed SAXS/cryo-TEM analysis, which allows us to draw clear and robust conclusions. An unprecedented aspect of our work is also to study the complexes' phase diagrams under nonequilibrium conditions. This is possible due to the ability of biosurfactants to swi tch from one phase to another upon pH change, while studies were rather performed under pseudo equilibrium conditions up to now, often inside the micellar or vesicular region of surfactants' phase diagrams. The becoming of complex coacervates when the pH is lowered only depends on the biosurfactant: if this latter undergoes a micelle-to-fiber phase transition, fibers coexist with the biopolymer, while a vesicle-forming biosurfactant is still intimately interacting with the polymer within multilamellar structures. This kind of structures was already reported but never as the re sul t of a micelle-to-vesicle phase transition from a complex coacervate, a process that we found crucial to obtain precise structures with well-defined layers and large lumen. A control over their size is possible through classical methods such as filtration or ultrasounds. All these results enrich the young literature about biosurfactants which attracts increasing interest, and especially the literature related to biosurfactant-polymer interactions, still quite poor according to our review. 83 In addition, most of the reported studies present systems with novel properties where biosurfactant and biopolymers coexist without any specific interaction, but not relying on mutual interactions, such as hydrophobic or electrostatic.

We also report in Chapter II a simple method to encapsulate curcumin within these multilamellar structures and the whole system was found to disturb cancer cells' (HeLa) viability but not fibroblasts' one via a precise mechanism of membrane fusion and curcumin release. The procedure was extended to other hydrophobic drugs. In this context of drug release, recent works developed rhamnolipids-based nanostructured lipid carriers whose stability and crystall i nity can be controlled, 353 or stable vesicles self-assembled from phospholipid and mannosyl erythritol l i pid for anthocyanins encapsulation. 354 In the field of biosurfactants, hydrogelation has been reported only recently and for a l i mi te d number of molecules. This is among the first reports of the combination of a biosurfactant with gelling polymers for this purpose and is so a first step towards further investigations and discoveries, playing on the biosurfactant and/or the biopolymer among other parameters. Surfactin -reinforce d gelatin methacrylate hydrogel were for example recently synthetized and was found to acce l e rate diabetic wound healing by regulating the macrophage polarization and promoting angiogenesis 355 (We note that it requires a step of functionalization of gel atin).

There exists a large literature related to mechanical reinforcement or stimuli -responsivity of polymer hydrogels. We prepared fully biobased hydrogels exhibiting both properties: they do not only exhibit enhanced mechanical properties, discussed in Chapter III, but a multi stimuli responsivity, which is the object of Chapter IV. Gelatin-based hybrid hydrogels involve gelatin whi ch brings temperature-responsivity and G-C18:1, which is pH-responsive and whose phase behavior drives the mechanical properties. Within its fibrillary state, in presence of calcium, i t i ncre ase s the mechanical properties of the hybrid gel. Mechanical reinforcement is also displayed using alginate or chitosan. pH sensitivity is also true for alginate and chitosan-based gels, but tempe rature does not have any effect on these gels. Compared to literature, the synthesis of biosurfactant-biopolymer hybrid networks is very simple: components are mixed in water with minimum constraints, the synthesis is performed in mild conditions and does not require any crosslinker neither organic chemistry reaction. They also open the door to more biomedical applications due to their bi ol ogi cal origin. The most recent reviews about hybrid polymer hydrogels highlight how they have revolutionized the field of hydrogels, especially how they have enhanced the functionality of biopolymer hydrogels, but also point some remaining lacks, including hybrid polymer hydrogels mechanical properties and structure. For example, mimicking anisotropy or tension-compression linearity, important for load-bearing tissues, remains challenging. Incorporation of 3D biopri nte d or woven fibers into hybrid polymer hydrogels is expected to provide control over internal architecture and mechanical properties at multiple length scales and one can think about further studie s to tune the fiber arrangement to replicate the native organization of collagen fibers within load bearing tissues. There is no argument against the potential use of {F}G-C18:1 fibers for this project.

The availability and cost of biosurfactants could be discussed and partly restrain the « biosurfactants revolution » and the complete replacement of petrochemical surfactants by biosurfactant, but we can hope that an increasing demand triggers an increasing production and decreasing prices, in parallel with an increasing understanding of their properties in sol uti on for an optimal use. We can emphasize that the work achieved throughout these three years enriches biosurfactant's knowledge from two points of view: first from a physico-chemical one, filling the gap concerning phase transitions under non equilibrium conditions, then from a more applicative point of view, with the development of both encapsulating systems with high potential and promising biobased hybrid hydrogels. It encourages further investigations of biosurfactant-macromolecule mixtures behaviors from both points of view. A large variety of compounds are still poorly known, i t could be interesting for example to know if other vesicle -forming biosurfactants evolve from coacervates to multilamellar walls vesicles in presence of a polymer and if on the contrary, interactions between fiber-forming biosurfactants are systematically disrupted when the former undergoes its micelle-to-fiber phase transition from a complex coacervate.

Résumé en français

Systèmes biosurfactant-biopolymère sensibles au pH : de la formation de multiples structures à la synthèse d'hydrogels

Les surfactants (ou tensioactifs), ces molécules amphiphiles qui, placées en solution diluée dans l'eau, abaissent sa tension superficielle, sont omniprésents dans les produits d u quotidien (shampoings ou détergents, par exemple). Ils constituent une science à part entière et leur production atteint les 20 millions de tonnes par an. Ils représentent un marché estimé à 43,7 milliards de dollars, qui pourrait atteindre 66,4 milliards de dollars en 2025. Cependant, leur ori gi ne pétrochimique est aujourd'hui controversée par les préoccupations environnementales de notre société. En plus de leur production polluante, ils sont associés à des complications dermatologiques. De nombreux produits ont été retirés du marché ces 30 dernières années et d'autres suivront probablement. Dans ce contexte de recherche active d'alternatives biosourcées, ils pourraie nt ê tre remplacés par des composés très prometteurs : les biosurfactants. Ce terme désigne une vaste famille de molécules biosourcées produites par fermentation microbienne, extraction de plantes ou biocatalyse, dont le potentiel est encore limité par leur faible production, leur coût élevé, mais aussi par un manque de connaissances, et donc l'absence de maîtrise, de leurs propriétés en solution. Le s surfactants entièrement biosourcés ne représentent aujourd'hui que 4% de la production total e . La recherche dans le domaine des biosurfactants se développe depuis les années 60, mais a pris une envergure significative depuis une vingtaine d'années, comme en témoigne le nombre croissant d'articles publiés à ce sujet. Cependant, la grande majorité de ces publications s'intéresse à la classification des biosurfactants, à leurs stratégies de synthèse, dont les modifications génétique s e t les nombreux dérivés rendus possibles, à leurs propriétés antibactériennes et à leurs applications dans des domaines divers et variés. Le Laboratoire de Chimie de la Matière Condensée de Pari s, où j'ai effectué ma thèse, possède une expertise dans le domaine des biosurfactants et a acquis de solides connaissances concernant leurs propriétés physicochimiques en solution aqueuse, aux interfaces et en présence de macromolécules. Celles-ci sont en effet essentielles avant d' e nvisager toute application. L'expertise du laboratoire est particulièrement portée sur la catégorie des biosurfactants produits par fermentation microbienne, qui inclue les glycolipides, les lipopeptides, les phospholipides, les lipides neutres et les biosurfactants microbiens polyméri ques. Me s travaux de thèse ont porté sur deux glycolipides en particulier, dont les structures chimiques sont trè s proche s puisqu'elles ne diffèrent que d'une insaturation et d'une unité glycosidique : G-C18 :1 et SL-C18 :0 sont respectivement composés d'une (ou deux) unité(s) glycosidique(s), d'une chaîne carbonée de 18 atomes (mono)insaturée et d'une fonction acide carboxylique terminale. Cette dernière leur confè re une propriété intéressante : le pH va modifier l'état de charge de ce groupe fonctionne l, un é tat de charge qui va lui-même dicter le comportement de la molécule en solution. Le diagramme de phase en fonction du pH de ces deux glycolipides a été précisément étudié au laboratoire par de mul ti ple s techniques. La cryo-microscopie électronique et la diffusion de rayons X aux petits angles ont notamment mis en évidence la formation de micelles à pH basique. Chaque glycolipide forme des micelles avec ses caractéristiques propres, ces résultats ont été publiés mais ces di fférences n'auront aucune importance pour la suite de ces travaux. A pH acide, le comportement de chaque glycol ipide en solution est très différent : SL-C18 :0 s'organise en structures fibrillaires tandis que G-C18 :1 s'auto-assemble sous forme de vésicules. Le point de départ de mes travaux de thèse est la formation de coacervats complexes mise en évidence par un collègue lorsque à pH basique SL-C18 :1, qui forme lui aussi des micelles, est en présence d'un polyélectrolyte dont la charge est opposée. J'ai donc dans un premier temps démontré que le phénomène de coacervation complexe est aussi observé entre les micelles de G-C18 :1 ou SL-C18 :0 et différents polyélectrolytes (PEC) de charge opposée (polyallylamine, poly-L-lysine, polyethylenimine, chitosan lactate). Si les biosurfactants ont souvent été étudiés dans une région précise de leur diagramme de phase, je me suis intére ssée aux transitions de phase, et particulièrement aux transitions micelle-fibre et micelle-vésicule provoquées à l'intérieur même de coacervats complexes. L'évolution des interactions biosurfactantpolyélectrolyte a pu être suivi par SAXS in-situ grâce à une procédure bien particulière faisant intervenir une pompe péristaltique, un pousse seringue et un pH-mètre interfacé. Les interprétations qui en découlent ont été confrontées aux clichés obtenus par cryo-TEM. Il en résulte que l'interaction SL-C18 :0-PEC n'est pas maintenue à pH acide, où les fibres coexistent avec le polyélectrolyte, tandi s que G-C18 :1 interagit toujours étroitement avec le polyélectrolyte. En effet, dans ce derni e r cas, l e coacervat se réorganise en une structure multilamellaire, composée d'une alternance de couches de polyélectrolytes et de couches de biosurfactant. Des études quantitatives ont été menées par 1 H RMN et ITC afin de quantifier l'interaction G-C18 :1/PLL. Elles ont notamment mis en avant la contribution d'interactions spécifiques (électrostatiques) mais aussi une contribution non négligeable d'interactions non-spécifiques (effet hydrophobe).

Ces résultats ont donné lieu à la publication de deux articles, un premier présentant l a gl obal ité de ces données, et un second exclusivement consacré à l'étude de ces curieuses structures multilamellaires. Il a été montré que l'obtention de ces dernières est strictement conditionnée par l a transition de phase à partir du coacervat : mélanger des vésicules de G-C18 :1 et un polyé l ectrol yte ne permet pas d'obtenir une structure multilamellaire bien définie, avec des couches bien ordonnées, mais une structure plus grossière et désorganisée. Un travail a été consacré à l'optimisation du contrôle de leur taille par des méthodes classiques telles que la filtration ou la sonication. De telles structures possèdent un réel potentiel pour l'encapsulation de composés d'intérêt, une série d'expériences a donc été menée dans ce sens. Le premier point qui a é té vé ri fi é est la formation de ces structures multilamellaires dans un milieu de culture cellulaire, l e DMEM, e t la viabilité de différentes lignées cellulaires en leur pré sence. Les résultats sont encourageants puisque le milieu de culture cellulaire s'avère propice à la formation de ces structures multilamellaires. De plus, deux lignées cellulaires différentes ont été cultivées en leur présence : Normal Human Dermal Fibroblast (NHDF) and HeLa cells, et leur devenir n'est pas le même. En effet, les fibroblastes survivent et se développent, ce qui n'est pas le cas pour les cellules cancé reuses. La curcumine a ensuite été choisie comme composé à encapsuler ; il s'agit d'un puissant antioxydant e t anticancéreux dont l'encapsulation est essentielle à l'exercice de ces activités. Un protocole robuste a été mis en place afin d'encapsuler efficacement la curcumine à l'intérieur des structures multilamellaires. Les résultats obtenus précédemment concernant la viabilité des cellul es en présence des structures multilamellaires sont valables quand ces dernières contiennent de la curcumine.

Cette partie plus biologique est celle dans laquelle j'ai été le moins impliquée, les résultats obte nus seront néanmoins prochainement publiés. L'ensemble des résultats obtenus jusque-là en conditi ons diluées permettent de mieux connaître et maîtriser le comportement des biosurfactants en sol ution d'un point de vue physicochimique, mais ouvrent des pistes également d'un point de vue applicatif.

Les biosurfactants sont aussi intéressants à étudier dans des conditions très différentes puisque à plus forte concentration, certains possèdent des propriétés d'hydrogélation. Le design et la synthèse d'hydrogels entièrement biosourcés sont des enjeux majeurs pour toutes sortes d'applications biomédicales. Je les étudie toujours en présence de biopolymères, les hydrogels synthétisés pourront donc bénéficier des propriétés et avantages de deux réseaux interpénétrés. Ce type de gel peut se présenter sous différentes formes : les deux réseaux peuvent interagir ou gélifi er chacun indépendamment, la présence simultanée de deux réseaux peut perturber le comportement de l'un des deux réseaux ou non… Nous nous attendons notamment à ce que le polymère assu re de bonnes propriétés mécaniques à l'ensemble du gel, et à ce que le biopolymère permette lui de moduler ces propriétés en fonction de stimuli tels que le pH.

Un premier résultat concerne la gélification du biosurfactant G-C18 :1, qui s'opère en présence de calcium à pH≈8. Une nouvelle phase a été mis en évidence par cryo-TEM et caractérisée par SAXS, une phase fibrillaire. C'est un gel qui atteint des propriétés mécaniques de l'ordre de la ce ntai ne de Pa pour une concentration de 2wt%. Il est sensible à la température mais la transition sol-gel est réversible, et ce sur plusieurs cycles de température. Le coût des polyélectrolytes utilisés précédemment ne permettait pas de travailler avec à plus forte concentration, d'autres biopolymères ont donc été choisis pour cette partie du projet : la gélatine, l'alginate e t l e chi tosan (haut poids moléculaire). Quelques expériences préliminaires ont également été réalisés avec du collagène, une molécule très proche de la gélatine dont l'intérêt est considérable d ans l e domai ne biomédical. Plusieurs tendances ont été observées et ont fait l'objet de deux publications distincte s, d'une part une amélioration des propriétés mécaniques du gel hybride par rapport aux gels de chacun des composés, et d'autre part une capacité à répondre à deux stimuli extérieurs, l e pH e t l a température. Le G-C18 :1 existe sous différentes formes comme évoqué précédemment, et cette phase s'est révélée déterminante pour les propriétés mécaniques du gel hybride. En effet, l'ajout de micelles, équivalent à l'ajout de vésicules, n'a que peu d'effet sur les propriétés mécaniques du ge l de biopolymère, tandis que l'ajout de fibres obtenues en présence de calcium permet d'augme nte r significativement les propriétés mécaniques du gel de l'ensemble des biopolymères testés. Les données SAXS obtenues suggèrent que ces gels hybrides sont basés sur la coexistence de deux réseaux indépendants et que la somme de leurs propriétés mécaniques respectives résulte en un ge l hybride plus fort. Cet effet d'amélioration des propriétés mécaniques dépendant de l a phase de G -C18 :1 impliquée est valable pour tous les biopolymères testés. D'autres séries d'expériences ont été consacrées aux éventuelles fonctionnalités de ces gels hybrides. L'influence d'un premier sti mu lus a été étudiée, celle du pH. Elle a été étudiée en suivant les propriétés mécaniques d'un gel à pH basique lors de son acidification in-situ par hydrolyse de la delta gluconolactone (GDL). La te ndance 123 observée est la même pour tous les biopolymères étudiés : les propriétés mécaniques du gel hybride diminuent avec le pH, mais cet effet est plus ou moins prononcé en fonction du biopolymère. En effet, la perte des propriétés mécaniques est plus marquée pour les gels comprenant de l a gé l ati ne que ceux à base de chitosan ou d'alginate. L'étude SAXS couplée à la rhéologie a mis en évidence une perte de structure associée à la perte des propriétés mécaniques. L'effet de la température (é tudié jusqu'à 50°C), lui, n'est pas généralisable. Un gel de G-C18 :1 seul perd ses propriétés mécaniques de manière réversible : la transition sol-gel s'opère de nouveau en revenant à température ambi ante . Cette propriété va être transmise à un gel hybride G-C18 :1-gélatine, ce qui est intéressant si on considère qu'un gel de gélatine seule, lui aussi sensible à la température, ne se re forme pas sur l e même intervalle de temps. De plus, cette réversibilité intervient sur plusieurs cycles de température. En ce qui concerne l'alginate et le chitosan, les propriétés mécaniques des ge ls de chacun de ces deux biopolymères ne sont pas influencées par la température (20°C < T < 50°C), leur présence confère donc au gel hybride une meilleure résistance à la température. Tous les gels hybrides possèdent cependant un point commun : la température n'a pas d'effet sur la structure du gel. Le renforcement des propriétés mécaniques par les gels hybrides a fait l'objet d'un premier papi e r, un second est lui plutôt consacré à la fonctionnalité apportée vis-à-vis du pH et de la température . Ce s gels hybrides entièrement biosourcés sont très novateurs, et largement valorisables pour des applications dans le domaine biomédical, particulièrement friand d'hydrogels fonctionnels biocompatibles. Quelques expériences préliminaires ont été menées avec du coll agène ou d'autre s biosurfactants.

L'ensemble de ces travaux de thèse a contribué à enrichir la connaissance des biosurfactants, aussi bien d'un point de vue physicochimique que d'un point de vue applicatif, ce qui ne fait qu'accroître leur intérêt et encourage à de futures découvertes, rendant progressivement possible le remplacement des surfactants pétrochimiques par une alternative plus respectueuse de l'environnement et moins susceptible de rencontrer des problèmes de biocompatibilité.

ANNEX 1: pH-resolved in-situ Small Angle X-Ray Scattering Small angle X-ray scattering (SAXS) is a small-angle scattering technique able to quantify diffe rences in electron density at the Å scale in a sample through the interactions between photons and the electrons cloud of atoms. It provides the size, shape and polydispersity of colloids in the Å-150 nm range (nanoparticles, micelles...). These data result from the analysis of the elastic scattering behavior of X-rays when crossing the material, recording their scattering at small angles (typicall y i n the 10 -3 -1 Å -1 range). Contrary to small-angle neutron scattering, SAXS is typically performed using hard X-rays whose wavelength is comprised between 0.07 -0.2 nm. Depending on the angular range in which a clear scattering signal can be recorded, SAXS provides structural information of dimensions between 1 and 100 nm, and of repeat distances in partially ordered systems of up to 150 nm. The smaller the recorded angle, the larger the object dimensions that are probed.

Concerning proteins or other biological macromolecules, the advantage of SAXS over crystallography is that no crystalline sample is mandatory. Furthermore, the properties of SAXS allow investigation of conformational diversity in these molecules, while nuclear magnetic resonance spectroscopy methods hardly serve for macromolecules of higher molecular mass (> 30-40 kDa). However, owing to the random orientation of dissolved or partially ordered mole cules, the spati al averaging induces a loss of information in SAXS not observed using crystallography.

The method is accurate, generally non-destructive (denaturation of proteins can occur) and generally requires a minimal sample preparation for very broad applications. It includes various colloids, metals, cement, oil, polymers, plastics, proteins, foods and pharmaceuticals and can be leverage d i n research as well as in quality control. X-rays can come from a laboratory source or a higher X-ray fl ux can be provided by synchrotron light. In a typical experiment, a highly collimated beam of monochromatic X-rays (incident monochromatic radiation of wave vector k i ) passes through the sample (on the order of 1 mm in thickness). The scattered X-rays are collected on a 2-dimensional area detector azimuthally in 360° at a conti nuous range of scattering angles which deviate from the direct, transmitted beam as a function of the scattering angle , defined by convention as 2 , and which defines a "probe length" expre ssed as D =2 /q, where , in which is the wavelength of the X-rays (typically 0.154 nm for the Cu X-ray source).

Elastic interactions are characterized by zero energy transfer so that the modulus of the scattered wave vector k f is equal to the modulus of the incident wave vector . The scattered intensity is a function of the scattering vector defined by : with the scattering angle and the wavelength of the incident beam. The scatterd intensity I(q) i s measured at very small angles which allows the study of characteristic sizes ranging from crystallographic distances (a few angstroms) to colloidal distances (0.1 micron).

The intensity of a solution of particles I(q)= V P P(q)S(q) where is the contrast, i s the volume fraction of the particles and V P the volume of a dry particle. P(q) is the form factor of the particle and depends only on its geometry. S(q) is the structure factor and describes the correlati ons between particles; this term occurs when the molecules are ordered for example.

Annex 2: Rheology

Small amplitude oscillatory rheology is able to determine the viscoelastic response of gels to dynamic shear stress, allowing multiple measurements without sample destruction due to small deformations. Another advantage comes from the possible comparison of values obtained from different studies regardless of the instrumentation used. A substance under an imposed stress is typically either ideal solid or ideal liquid. The energy transferred to an ideal solid (Hookean) wi ll be totally and reversibly stored, stress and strain are in phase:

Phase angle = 0

On the contrary, an ideal liquid (Newtonian) will fully convert irreversibly the transferred energy into internal energy via dissipative effects; stress and strain are thus out of phase by 90° :

Phase angle: 90° Gels exhibit both solid-like (elastic) and a liquid-like (viscous) behaviors simultane ously : stre ss and strain are not in phase : 0<phase angle<90°

The relative contributions of the elastic and viscous components, among other significative information, can be determined using the phase lag.

The dynamic shear stress response to small amplitude oscillation is described by to two modul i . The elastic modulus (G') is related to the energy reversibly stored during deformat ion, whereas the viscous modulus (G") is linked to the energy dissipated as heat/internal energy due to sample viscosity. The loss tangent (tan δ) is calculated by the ratio G"/G' and reflects the phase angle between stress and strain ; its value suggests liquid-like properties if greater than 1, whereas it indicates solid-like properties if lower than 1. For a specific gel, magnitudes of G' and G" are measurement frequency, temperature and strain dependent. In the linear regime , both val ues are independent of strain (or stress). Gels commonly undergo four types of dynamic tests to inve sti gate their properties : 1,2 Strain sweep is performed at a constant frequency and temperature, and determines the linear response range of a network to increasing strain (or stress) amplitude. In the linear viscoelastic range, stress evolves linearly with strain, resulting in constant values of G' and G".

Frequency sweep determines G' and G" as functions of frequency at a fixed temperature and strai n amplitude. There exists four types of material based on the mechanical spectra: diluted solution (e .g fruit juice), entangled solution (e.g. semi-dilute chitosan solution), strong gel (e.g. jelly) and weak ge l (e.g. ketchup) [124,125]. For strong gels, G' ≈ 10G" throughout the frequency range, and G' and G" are almost independent of frequency, whereas for weak gels, both moduli depend on frequency and their values are less different.

Temperature sweep is useful to investigate some temperature-related processes, such as the gelation of heated dispersion during cooling, starch gelatini zation during heating and protein aggregates and gel formation. G' and G" are determined as functions of temperature at fixed frequency and strain.

Time sweep is used to study the structure development of gels, during which G' and G" are measured as functions of time at fixed frequency, strain and temperature. Additional information on the gelation and melting phenomena can be obtained with time and temperature sweeps by calculating the structure development rates (dG'/dt or dG'/dT) or structure loss rates (-dG'/dt or -dG'/dT). The gel point marks the phase transition of polymer solution from liquid to a soft viscoelastic solid during gelation. The gel point can be given as a precise time or as a specific temperature. 3 The transition is triggered by the increasing connectivity in the material. The zeroshear viscosity increases and diverges as the connectivity increases when approaching the gel poi nt. At the gel point, the viscosity diverges to infinity but the equilibrium modulus is still zero. Beyond the gel point, the equilibrium modulus starts to increase. [4][5][6][7] Annex 3: SL-C16:0 / Collagen

In Chapter III, collagen's hydrogels mechanical properties were found enhanced in presence of G-C18:1 fibrillar phase (pH 8). Knowing that viscosity of collagen increases with pH and that the biosurfactant SL-C16:0 (structure given in Figure 53) exhibits the opposite behavior, 1 the idea to combine collagen with SL-C16:0 came up, in view to obtain a though hydrogel over the whole pH range. As shown by Figure 54, collagen alone displays poor mechanical properties, at both pH 8 and 4, due to the concentration employed (0.27 wt%). Mechanical strength is enhanced (x 100) upon addition of SL-C16:0 (SL-C16:0/collagen: 2/0.27 wt%) at pH 8 decreased to 4, up to the mechanical properties exhibited by SL-C16:0 alone at pH 4 (liquid at pH 8). We then employed the same approach than in Chapter IV to follow the mechanical properties of a SL-C16:0/collagen gel upon lowering the pH. As expected, acidification triggered by GDL hydrol ysi s results in a huge increase of the mechanical properties, from a few Pa to 10 4 Pa (Figure 55). We are further interested in performing the same experiment at higher collagen contents, e.g. at a higher initial G', keeping constant the sophorolipid amount. Rheological measurements shown in Figure 56 suggest that for a fixed concentration of SL-C16:0 (1wt%, red, yellow and purple curves), increasing the collagen concentration allows to e nhance the mechanical properties of the hybrid gel, starting from a threshold: below 0.404wt%, comparable properties have been measured. The contrary does also occur: for a fixed concentration of col l age n (0.135wt%, red and pink curves), increasing the SL-C16:0 concentration allows to enhance the mechanical properties of the hybrid gel. If we compare pink (more SL-C16:0, less collagen) and purple curves (less SL-C16:0, more collagen), both samples reach a plateau at comparable mechanical properties at about t = 10 min, suggesting that SL-C16:0 and collagen amounts can both be balance d to reach the same properties. Upon GDL hydrolysis and consequent pH decrease, rheological measurements shown in Figure 57 suggest that for a fixed concentration of SL-C16:0 (1wt%, red, yellow and purple curves), i ncre asing the collagen concentration does not increase the final mechanical properties at acidic pH. On the contrary, for a fixed concentration of collagen (0.135wt%, red and pink curves), increasing the SL-C16:0 concentration allows to significantly enhance the final mechanical properties of the hybrid ge l at acidic pH.

Paper I: Stimuli-Induced Nonequilibrium Phase Transitions in Polyelectrolyte-Surfactant Complex Coacervates

This paper presents results supporting the generalization of complex coacervates' formation for al l biosurfactants and polyelectrolytes tested in the micellar region of each biosurfactant's phase diagram when oppositely charged. The influence of pH-induced phase transitions of the biosurfactant triggered inside a complex coacervate is then investigated. The micelle-to-fiber transition re sults i n the dissociation of the complex and the coexistence of SL-C18:0 fibers and polyelectrolyte chai ns i n solution without any interaction, while the micelle-to-vesicle transition exhibits a clear continuity between the complex coacervate and a multilamellar walled vesicle obtained in the vesicular domain of G-C18:1 after progressive reorganization of the coacervate.

Paper II: Synthesis of multilamellar walls vesicles polyelectrolyte-surfactant complexes from pH-stimulated phase transition using microbial biosurfactants

This paper focuses on the multilamellar walled vesicles presented in the first article and details a robust method leveraging the micelle-to-vesicle phase transition for the preparation of multilamellar structures exhibiting more order than structures obtained using classical methods, emphasizing that the self-assembly resulting structures can also depend on the procedure employed in an opposi tel y charged biosurfactant-biopolymer system.

Project paper III: Glycolipid Biosurfactants as Multilamellar Vesicular Drug Carriers

This study acts as a proof of concept which assesses the stability of [G-C18:1+PLL] based MLWV in culture medium at physiological pH according to advanced pH-resolved in situ small angle X-ray scattering (SAXS) using synchrotron radiation arguments. Once these systems were found suitable to work under biological conditions, their cytotoxicity towards mouse fibroblasts L929, normal human dermal fibroblasts NHDF, macrophages derived THP-1 and human cervical carcinoma HeLa was addressed. Below 250 µg/mL, the nanocarriers did not present any cytotoxicity on cells. Curcumin was encapsulated as model drug to evaluate if [G-C18:1+PLL] based MLWV could be efficent novel drug delivery systems to specifically target cancer cells. The curcumin loaded MLWVs are more uptaken in Hela cells (50%) than in NHDF (35%) and THP-1 derived macrophages (20%), which is correlated to a large amount of curcumin released within the cytoplasma and associated to a cytotoxic effect for the dose 250 μg/mL. No significant cytotoxic effect is recorded on NHDF and macrophages. According to a unique mechanistic study, this cytotoxic effect results from MLWV fusion with the cell membrane and the consequent release of curcumin within cells. Curcumin or other hydrophobic drugs' therapeutic effects could thus be enhanced by MLWVs, an alternative composition of current drug delivery systems.

Project paper IV: Mechanical reinforcement of biosurfactant/biopolymer hydrogels through interpenetrating networks

This project paper describes the synthesis of hybrid G-C18:1/biopolymer (gelatin, chitosan HMW and gelatin) hydrogels and discuss their rheological behaviors. Mechanical properties of such hybrid ge l s were found enhanced compared to G-C18:1 or biopolymer hydrogels when the biosurfactant is within its fibrillary state due to the presence of calcium. The addition of G-C18:1 micelles or ve si cl es do not have a significant effect on the mechanical properties of biopolymers' hydrogels.

Project paper V: pH and temperature responsivity of biosurfactant/biopolymer interpenetrated networks

This project paper reports the functionality of fully biobased IPN hydrogels resulting from t he combination of a biosurfactant and a biopolymer regarding two external stimuli: pH and temperature. Rheo-SAXS studies allow to associate a viscoelastic behavior to a structure (structureproperty relationship). Both stimuli are more or less efficient depending on the biopolymer involved, with a more pronounced effect using gelatin than alginate or chitosan. These results are particul arl y encouraging for drug delivery applications knowing that acidity conditions depend on the body tissue. Biosurfactants, never reported in such systems up to now, are molecules of choice to de si gn hybrid biopolymers IPNs with responsiveness to stimuli, especially pH, knowing their rich pHdependent phase diagrams. 

HAL Id

Introduction

Polyelectrolyte-surfactant complexes (PESCs) are a wide class of colloidal systems where surfactant's self-assembly is combined to the complexation properties of polyelectrolytes. [1][2][3][4][5][6][7] In the past three decades a large number of works has shown the interest of a wide community of scientists towards these systems for the broad set of applications in food science, 8 tissue engineering, 9 drug and gene delivery, 2,10 underwater adhesives conception, 11 structuring agents, 12 water treatment, 13 but also personal care, cosmetics, 14 food, pharmaceutical science [15][16][17] and much other. [5][6][7] The structure of PESCs depend on many parameters, including the intrinsic packing parameter of the surfactant, 18 rigidity of the polyelectrolyte, charge density and distribution on both surfactant and polyelectrolyte, ionic strength and pH, just to cite the main ones. 3,4,6,7,19,20 Supramicellar aggregates are the most common structures when the surfactant is in the micellar region of its phase diagram. They can be found as polyelectrolyte-coated dense aggregates of spheroidal micelles, which can undergo either a solid-liquid, 3,7 or liquid-liquid, 3,21 phase separation. In the latter case, they are referred to as complex coacervates. 21,22 Supramicellar colloids can also be found in the form of pearl-necklace or cylindrical morphologies. 3,4 The micellar morphology and structure are generally not affected by complexation, 3,7,21,23 however, phase transitions can occur inside the supramicellar complexes due to the local rise in concentration. 3,4,7,24 Multilamellar PESCs, of both flat or vesicular morphologies, have also been explored from a fundamental point of view 3,5,7,19,25 for their interest in gene delivery applications, as described for DNA-complexed phospholipids, known as lipoplexes. 2,19 Considering the importance of PESCs, the study of their phase diagrams started long ago for a wide range of surfactants complexed by polymers or block copolymers. The complexity of this task is high due to multidimensionality, where effects of ionic strength, cosolvent, cosurfactants and charge could be taken into account. 5,6,19,20,[24][25][26] Even if the debate about whether PESCs are at equilibrium or not is still open, 3 the study of their phase diagram has long been addressed using a classical thermodynamic approach, involving a systematic parametric study and equilibration times. However, more recent trends consider the importance of crossing phase boundaries under non-equilibrium conditions. 3,4 This is motivated by both practical considerations on applications and fundamental questioning. 3 If non-equilibrium transitions are a recent concern in PESCs 3 , they are in fact a major concern in the broader field of macromolecular complexation, [27][28][29] and complex coacervation in particular, as shown by recent works, concerned by selective control of interactions between polyelectrolytes and lipids. 30,31 Molecular dynamics and diffusion-limited processes open again, under a new perspective, old questions such as possible shift of the surfactant's phase boundary, promotion of a new surfactant's phase but also PESC disassembling, promotion of a new PESC phase or coexistence between surfactant and polyelectrolyte phases.

The micelle-to-vesicle transition is particularly interesting because, while being classical in lyotropic surfactant and lipid phases, 25,32 it could be exploited in delivery applications under non-equilibrium conditions. Interestingly, non-equilibrium micelle-tovesicle transitions are well-known, 33 however, to the best of our knowledge, they were rarely investigated in PESCs, even under pseudo-equilibrium conditions. The equilibrium phase diagram of ethoxy fatty acids in aqueous solutions displayed a pH-dependent micelle-to-vesicle transition, 34 but the same transition was not observed in the presence of polyelectrolytes, 35 thus confirming the yet unpredictable effect of polyelectrolytes on surfactants' phase diagram. This is particularly true in the case of lipid bilayer membranes, of which the physical properties, including the local composition, defects, segregation and bending energy depend on the polyion. 25,[36][37][38][39] Even if the complexity of the interactions between polyelectrolytes and (soft) interfaces has been addressed for decades, [39][40][41] predicting the equilibrium curvature in PESCs 3 is still a challenge, 42,43 and this is a matter of utmost importance for more advanced applications of PESCs. 30,31 Fibrillation of low-molecular weight compounds is also another important field of research, from both applicative (hydrogelation) 44 and fundamental (non-equilibrium phase transitions) 45 perspectives. Development of PESCs from low-molecular weight gelators is still a virgin field of research and questioning the interactions between polyelectrolytes and selfassembled fibers has only started with recent works. 46 In a series of recent communications, many authors have addressed the solution selfassembly of microbial glycolipid biosurfactants. [47][48][49] These molecules have a multiple interest in the field of PESCs: they are biobased and biodegradable amphiphiles 50 with a rich phase diagram and stimuli responsiveness. For these reasons they are highly prompt for the development of biocompatible PESCs but also for the study of non-equilibrium phase transitions in complex systems, both aspects generating an increasing interest in the community. 3,7 In particular, we have shown that acidic C18:1 sophorolipids, which form a stable micellar phase in a broad pH range, 49,51,52 also form pH-responsive complex coacervates in the presence of both synthetic and natural polyamines. 53 Interestingly, sophorolipid analogues have a richer, pH-stimulated, phase diagram including micelle-to-vesicle, micelleto-fiber and micelle-to-lamellar transitions. 49,52,54 In this work, we explore the stability of a polyelectrolyte-surfactant complex coacervate at two distinct iso-compositional phase boundaries, micelle-vesicle and micelle-fiber, where phase transition is triggered by pH. To do so, we use two microbial glycolipid biosurfactants in the presence of three cationic polyelectrolytes (PEC). Turbidimetric analysis, cryogenic transmission electron microscopy (cryo-TEM) and pH-resolved in situ small angle X-ray scattering (SAXS) using synchrotron radiation experiments show that complex coacervates are only stable in the micellar region of both glycolipids' phase diagram. However, if the lipid undergoes a micelle-to-vesicle transition, we observe a complex coacervate (Co) to multilamellar walls vesicles (MLWV) (Co-to-MLWV) phase transition. MLWV are composed of PEC entrapped between single lipid layers, of which the mutual interactions are quantified by nuclear magnetic resonance (NMR) and isothermal titration calorimetry (ITC). If the lipid undergoes a micelle-to-fiber transition, on the contrary, the coacervate disassembles and the glycolipid's fiber phase coexists with the polyelectrolyte, with no apparent interactions, against the literature's expectations. 46 Finally, this work demonstrates the use of biobased surfactants for the development of sustainable PESCs.

Experimental section

Chemicals

Glycolipids G-C18:1 (Mw= 460 g . mol -1 ), made of a single β-D-glucose hydrophilic headgroup and a C18:1 fatty acid tail (monounsaturation in position 9,10), and SL-C18:0 (Mw= 624 g . mol -1 ), composed of a sophorose headgroup and a stearic acid derivative. From alkaline to acidic pH, the former undergoes a micelle-to-vesicle phase transition 49 while the latter undergoes a micelle-to-fiber phase transition. 55 The syntheses of sophorolipid SL-C18:0 and glucolipid G-C18:1 are respectively described in Ref 55 and 54 , where the typical 1 H NMR spectra and HPLC chromatograms are also given. The compounds used in this work have a molecular purity of more than 95%.

The cationic polyelectrolytes (PEC) used in this work are chitosan, obtained from the deacetylation of chitin from crusteans' shells, poly-L-lysine, widely used in biomedical field, and polyethylenimine. Chitosan oligosaccharide lactate (CHL) (Mw ≈ 5 kDa, pKa ~6.5) 56 with a deacetylation degree >90%, poly-L-lysine (PLL) hydrobromide (Mw≈1-5 kDa, pKa ~10-10.5) 57 and polyethylenimine (PEI) hydrochloride (linear, Mw≈ 4 kDa, pKa ~8) 58 are purchased from Sigma-Aldrich. All other chemicals are of reagent grade and are used without further purification.

Preparation of stock solutions

SL-C18:0 (C= 5 mg . mL -1 ), G-C18:1 (C= 5 mg.mL -1 , C= 20 mg . mL -1 ), CHL (C= 2 mg . mL -1 ), PLL (C= 5 mg . mL -1 , C= 20 mg . mL -1 ), and PEI (C= 5 mg . mL -1 ) stock solutions (V= 10 mL) are prepared by dispersing the appropriate amount of each compound in the corresponding amount of Milli-Q-grade water. The solutions are stirred at room temperature (T= 23 ± 2 °C) and the final pH is increased to 11 by adding a few μL of NaOH (C= 0.5 M or C= 1 M).

Preparation of samples

Samples are prepared at room temperature (T= 23 ± 2°C) by mixing appropriate volume ratios of the lipid (SL-C18:0 or G-C18:1) stock solutions at pH 11 and cationic polyelectrolyte stock solutions (PEC), as defined in Table 1. The final total volume is generally set to V= 1 mL or V= 2 mL, the solution pH is about 11 and the final concentrations are given in Table 1. The pH of the mixed lipid-PEC solution is eventually is decreased by the addition of 1-10 µL of a HCl solution at C= 0.5 M or C= 1 M. pH has been changed by hand and by mean of a pushsyringe device. The rate at which pH is changed is generally not controlled although it is in the order of several µL . min -1 . Differently than in other systems, 34,59 we did not observe unexpected effects on the PESC structure to justify a tight control over the pH change rate. 

Turbidimetric titration using UV-Vis spectroscopy

The influence of pH and concentration of PEC on the formation of coacervate droplets is investigated by measuring the absorbance at a wavelength of λ= 450 nm. Data are recorded at room temperature (T= 23 ± 2 °C) using a UV/Vis spectrophotometer (UVIKON XL, BioTek).

Preparation of the samples for these experiments is the same as described above, however, the final concentration of the lipid is systematically set at C= 2.5 mg.mL -1 , while the final concentrations of the PEC range between 0.25 < C / mg . mL -1 < 1 for CHL and 0.63 < C / mg . mL - 1 < 2.5 for PLL and PEI. The titrated volume is systematically V= 1 mL. The pH of each lipid-PEC mixed solution is decreased progressively by the manual addition of small amounts (V <10 μL) of HCl= 0.1 M. The turbidity curves are recorded after each pH variation. Each solution is stirred before analysis, which is however performed at rest under static conditions, thus favoring sedimentation during the measurement. The turbidity curve of control lipid and PEC solutions is also measured as a function of pH.

Turbidimetric titration using Light Scattering (LS) and ζ-potential

To avoid sedimentation, we have repeated the turbidimetric titration experiment on selected samples using the automatic titration unit MPT-2 of a Malvern Zetasizer Nano ZS90 employed using an energy of E= 12 keV and a fixed sample-to-detector (Eiger X 4M) distance of 1.995 m. For all experiments: the q-range is calibrated to be contained between ~5. 10 -3 < q/Å -1 < ~4.5 . 10 -1 ; raw data collected on the 2D detector are integrated azimuthally using the inhouse software provided at the beamline and so to obtain the typical scattered intensity I(q)

profile, with q being the wavevector (𝑞 = 4𝜋 sin 𝜃 𝜆 ⁄ , where 2θ is the scattering angle and λ is the wavelength). Defective pixels and beam stop shadow are systematically masked before azimuthal integration. Absolute intensity units are determined by measuring the scattering signal of water (Iq=0= 0.0163 cm -1 ). SAXS profiles are treated with SasView software, version 3.1.2, available at the developer's website (sasview.org).

The same sample experimental setup is employed on both beamlines: the sample solution (V= 1 mL) with the lipid and PEC at their final concentration and pH ~11 is contained in an external beaker under stirring at room temperature (T= 23 ± 2°C). The solution is continuously flushed through a 1 mm glass capillary using an external peristaltic pump. The pH of the solution in the beaker is changed using an interfaced push syringe, injecting microliter amounts of a 0.5 M HCl solution. pH is measured using a micro electrode (Mettler-Toledo) and the value of pH is monitored live and manually recorded from the control room via a network camera pointing at the pH-meter located next to the beaker in the experimental hutch.

Considering the fast pH change kinetics, the error on the pH value is ± 0.2.

Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM experiments are carried out on an FEI Tecnai 120 twin microscope operated at 120 kV and equipped with a Gatan Orius CCD numeric camera. The sample holder is a Gatan Cryoholder (Gatan 626DH, Gatan). Digital Micrograph software is used for image acquisition.

Cryofixation is done using a homemade cryofixation device. The solutions are deposited on a glow-discharged holet carbon coated TEM copper grid (Quantifoil R2/2, Germany). Excess solution is removed and the grid is immediately plunged into liquid ethane at -180°C before transferring them into liquid nitrogen. All grids are kept at liquid nitrogen temperature throughout all experimentation. Cryo-TEM images have been treated and analyzed using Fiji software, available free of charge at the developer's website. 60 

H solution Nuclear Magnetic Resonance (NMR)

1 H solution NMR experiments are performed on a Bruker Avance III 300 spectrometer using a 5 mm 1H-X BBFO probe. The number of transients is 32 with 7.3 s recycling delay, an acquisition time of 2.73 s and a receiver gain of 322. We have employed a 5 mm NMR tube containing 500 μL of solution. The latter is obtained upon solubilization of a dried pellet in MeOD, also containing 3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TMSP-d4) at 1 mg.mL -1 (5.8 mM). The pellet is obtained by centrifugation of a solution at final pH of 5 containing the lipid and the polyelectrolyte and prepared according to the method described in the "Preparation of samples" paragraph in this section. After centrifugation, the supernatant is removed and the pellet is dried in an oven at 40°C for 2 days. These conditions have been kept constant throughout all experiments.

Isothermal Titration Calorimetry (ITC)

ITC experiments were performed using a TAM III isothermal calorimeter from TA have a similar behavior, except for their pKa values, which are respectively 6.5 and 8. The charge complementarity between the glycolipids and PEC in a given pH range leads to an expected electrostatic interaction, and which was shown to form glycolipid-PEC complex coacervates, when acidic deacetylated monounsaturated sophorolipids (SL-C18:1) were employed. 53 To explore whether SL-C18:0 and G-C18:1 glycolipids form complex coacervates, and whether their pH-induced phase transition has a potential impact on the coacervate structure, we perform a series of pH-stimulated experiments on mixtures of each glycolipid and PEC. The main body of this work summarizes the results obtained with PLL, while the data for, respectively, G-C18:1 and SL-C18:0; on the contrary, scattering is maximized below pH ~6 and ~7 for, respectively, G-C18:1 and SL-C18:0. These results are in agreement with their respective micelle-to-vesicle 49 and micelle-to-fiber 55 phase transitions. One must notice that scattering of SL-C18:0 fibers below pH 7 is weaker than what it should be 55 and this is due to sedimentation issues during the experiment. A specific comment on this aspect is associated to and PLL highlight a region of strong scattering (red symbols) already at 9 < pH < 10, that is at least two to three orders of pH higher than the controls, and indicating that both glycolipids preferentially interact with PLL under these pH conditions, according to the likely hypothesis of charge matching schematized in Figure 1. The data in Figure 2, reported for final concentrations of lipid and PLL of, respectively, 2.5 mg . mL -1 and 1.25 mg . mL -1 , are quite robust and reproducible for a broader range of lipid-to-PLL mass ratios, as shown in Figure S 2. Similar results were also reported for SL-C18:1 sophorolipids and PEC soutions 53 and for a broad range of micelle-polyelectrolyte complex coacervates. 21 60 A combination of SAXS and cryo-TEM experiments (Figure 3 and Figure 4) is used to study the structure of SL-C18:0 and G-C18:1 with PLL in the regions of strong light scattering and below pH 7 (Figure 2). The SAXS profiles show the signals recorded at basic (Figure 3a,c) and acidic (Figure 4a,c profiles of the individual SL-C18:0 (blue symbols) and PLL (red symbols) control solutions recorded at pH 5.50 and 8.68 as well as their arithmetic sum (grey symbols). The difference in concentration between the G-C18:1 system at pH 8.0 (C= 10 mg . mL -1 ) and the rest (C= 2.5 mg . mL -1 ) is simply a matter of signal-to-noise ratio. The corresponding SAXS profile collected at CG-C18:1= CPLL= 2.5 mg . mL -1 and pH 8.0 is given in Figure S 5 and it indeed shows a similar profile but with a poorer signal-to-noise, probably due to a combination of poor contrast and low concentration.

Study of the complex coacervate (Co) phase

In the micellar region of the phase diagram (pH> 8), both glycolipids in their mixture with PLL have SAXS profiles characterized by a strong low-q scattering and a broad peak (black curves in Figure 3a,c). The peak is centered at q= 0.078 Å -1 (d= 80.5 Å) while a second peak can be observed at q= 0.15 Å -1 (d= 41.8 Å) for SL-C18:0 and at q= 0.174 Å -1 (d= 36.1 Å) for G-C18:1. Comparison between the co-assembled lipid and PLL solution (black curves) with the corresponding controls (grey curves in Figure 3a,c above pH 8) at basic pH shows that, if low-q scattering is generally comparable, the correlation peak is unique only in the coassembled solutions and never observed for the pure glycolipids. The presence of a correlation peak is actually general and not only observed with PLL. For instance, SL-C18:0 (at basic pH) systematically shows two broad correlation peaks centered at q= 0.078 ± 0.002 Å -1 and at q= 0.15 ± 0.10 Å -1 when it is co-assembled with PLL, PEI or CHL (Figure S 6a). These peaks, common in scattering experiments of micelle-polyelectrolyte complex coacervates, 21 are generally associated to the structure of the co-assembled lipid with PEC. To better understand the origin of the peak at basic pH in the SAXS experiments, we study the structure of [SL-C18:0 + PLL] and [G-C18:1 + PLL] using cryo-TEM.

The typical cryo-TEM images of [SL-C18:0 + PLL] and [G-C18:1 + PLL] at basic pH are shown in Figure 3, while additional images are given in Figure S 7. All samples, irrespective of the pH value, are characterized of large spherical colloidal (sc) structures, of diameter larger than 1000 Å, embedded in a medium, which often displays a fingerprint-like texture (panels 2 and 3 in Figure 3, Figure S 7a,d,e). Regions of much smoother, untextured, background are however observed, as well (Figure S 7b,c). sc display as dense, untextured, more contrasted, objects. One can occasionally observe, mainly in [SL-C18:0 + PLL] systems, a third type of component, constituted of agglomerated, highly contrasted, particles of typical primary size contained between 20 nm and 50 nm (panel 1 in Figure 3, Figure S 7b). Both aggregated particles and sc of similar texture, size, morphology and contrast were largely documented using cryo-TEM by us 53 and by others 23,61,62 in polyelectrolyte-surfactant complex coacervates.

The entire set of cryo-TEM images that we have recorded on glycolipids SL-C18:0 and G-C18:1 co-assembled with PLL or PEI at basic pH show the same type of structures as presented in Figure 3 and Figure S 7. From a macroscopic point of view, all samples form a stable suspension of liquid spherical droplets similarly to our previous results, 53 rather than a solid precipitate. The combination of these pieces of evidence 3 indicate that complex coacervation systematically occurs in the micellar region of the glycolipids phase diagram.

Concerning CHL, we cannot draw a clear-cut conclusion due to the fact that this compound precipitates above pH 7 63 and its interactions with glycolipids in the alkaline region are at the moment unclear. The SAXS data corresponding to [SL-C18:0 + CHL] shown in Figure S 6 confirm this assumption: the typical correlation peaks, clearly observed in the PLL and PEI systems, can be hardly identified. However, complementary data recorded on the [G-C18:1 + CHL] system, and presented elsewhere, 64 still suggest the formation of complex coacervates. Agglomerated, highly contrasted, particles (e.g., panel 1 in Figure 3) are generally attributed to dehydrated complex coacervates driven by microscopic electroneutrality 23,53 on the coacervation plateau, while sc structures surrounded by a textured backround (e. g., panel 2 and 3 in Figure 3) are attributed to sections of 3D hydrated complex coacervates structures at the point of macroscopic coacervation. 62 Dense structures are always superimposed to a clear background, as described by Dubin et al., 23 while the fingerprint-like background is systematically associated to sc structures, independently of the glycolipid employed. This is nicely shown for [SL-C18:0 + PLL] in Figure 3b, where a clear-cut frontier delimitates dense coacervates on top from sc on the bottom, the former being embedded in a smooth background while the latter embedded in a fingerprint-like background. In line with Dubin et al., 62 we speculate that the composition of the fingerprint-like background is rich in glycolipid, while sc are rather rich in PEC. Probably due to the kinetic control of coacervation process, we are unable to establish the physicochemical conditions that could favor either dense aggregates or sc regions, as we observe both of them irrespectively of the pH value (Figure S 7a-c), or even coexisting at the same pH (Figure 3b). Nonetheless, we propose a structural interpretation through a crossed SAXS-cryo-TEM analysis of both [SL-C18:0 + PLL] and [G-C18:1 + PLL] systems.

The Fourier Transform (F.T.) of the fingerprint-like region in the [SL-C18:0 + PLL] system (panel 2 in Figure 3b) provides a broad ring corresponding to d-spacing between 80 Å and 40 Å, while the dense coacervate region, panel 1 in Figure 3b, provides an additional ring of d-spacing between 30 Å and 40 Å. Comparison between the d-spacing values estimated from cryo-TEM with d-spacing obtained by SAXS (d= 80.5 Å and d= 41.8 Å, Figure 3a) confirms the hypothesis according to which the correlation peak in SAXS is reasonably associated to the structure of complex coacervates. Interestingly, the q-values are in a 1:2 ratio, generally found in lamellar stacking but excluded in this system by cryo-TEM arguments. Correlation peaks with q-values in 1:2 ratio were observed before in β-lactoglobulin(βLgA)-pectin complex coacervates 65 and were attributed to the presence of βLgA clusters coexisting with ordered protein-to-protein correlations observed inside the clusters. In the present case, the d-spacing at d= 41.8 Å can be reasonably attributed to the dense aggregates (panel 1 in Figure 3b), most likely composed of tightly packed SL-C18:0 micelles embedded in the polyelectrolyte matrix adopting a globular conformation (Figure 3b). 23 This hypothesis is also in agreement with the typical cross-sectional diameter of SL-C18:0 micelles (~35 Å) 49 and with the previouslyproposed colloid cluster model in complex coacervates. 21 However, the colloid cluster model unfortunately explains neither larger d-spacing values nor the fingerprint-like textured background. The only way to explain a d-spacing value corresponding to approximately twice the size of a SL-C18:0 molecule is by considering a "pearl-necklace"-like structure, proposed long time ago for polyelectrolyte-micelles complexes, 4,7,35,66 and adapted to the present (Figure 3b) to account for the larger experimental d-spacing.

The Fourier Transform (F.T.) of the fingerprint-like region, panel 3 in Figure 3d, in the [G-C18:1 + PLL] system, also shows a broad ring with d-spacing values contained between 40 Å and 60 Å, a range which is overestimated by at least a factor 1.5 with respect to the d-spacing value measured by SAXS (d= 36.1 Å). Despite such a discrepancy, the lack of other organized structures in cryo-TEM and the lack of other correlation peaks in SAXS suggest that the correlation peak should be attributed to the textured background identified in panel 3 in Figure 3d. However, a spontaneous question arises: why is the d-spacing value associated to the textured region in the [G-C18:1 + PLL] system correlated to the size of a single G-C18:1 molecule 49,54 and not to twice its size, as found for [SL-C18:0 + PLL]? The only reasonable answer that we can propose is the possibly different packing of G-C18:1 around the polyelectrolyte: instead of the expected micellar packing, G-C18:1 could form interdigitated wormlike micelles stabilized by the polyelectrolyte (scheme in Figure 3d), as also discussed for other polyelectrolyte-micelle complexes. 3,4,20,67 This hypothesis is not outrageous because wormlike micelles are experimentally found as a transitory phase during the micelle-to-vesicle transition in the PEC-free G-C18:1 aqueous system. 49 Analysis of the slope in, or even modelling of, SAXS profiles could certainly help to corroborate the hypotheses of "pearlnecklace" (Figure 3b) and wormlike (Figure 3d) models, as proposed by other authors. 35,68 However, any tentative analysis of our SAXS data in the log-log scale provide a dependence of the intensity on q around -3, which is typically found for fractal structures but which, unfortunately, does not bring any additional structural information on the present system. Cryo-TEM experiments show a multiphasic medium with coexistence of more than one structural intermediate, thus making a clear-cut interpretation of the SAXS profile very hard, if not impossible.

In the rest of the manuscript, the term Co phase will broadly refer to the complex medium in the basic pH region composed of aggregated structures (panel 1 in Figure 3), PECrich sc (Figure 3) and glycolipid-rich textured (panel 2,3 in Figure 3) regions. system, SAXS shows a strong low-q scattering and a diffraction peak at q= 0.24 Å -1 . The same exact profile is observed for the [SL-C18:0] + [PLL] control signal (grey curve, pH 5.30, Figure 4a) and reported for a typical aqueous solution of SL-C18:0 twisted ribbons, the peak being attributed to the repeating inter-lipid layer distance within each ribbon. 55 Twisted ribbons of similar size (cross section ~150 Å) and morphology compared to the previous findings of pure SL-C18:0 system at acidic pH are actually observed in the corresponding cryo-TEM images (Figure 4b). Knowing that SL-C18:0 assembles into a fibrillar phase at acidic pH, one can reasonably suppose that SL-C18:0 does not interact with PLL under these conditions and the micelle-to-fiber self-assembly process (Figure 1) occurs independently whether SL-C18:0 is in a free micellar 49,55 or in PESCs complex coacervates. At the moment, we do not have evidence, both by SAXS and cryo-TEM, later on confirmed by NMR arguments, that SL-C18:0 fibers interact in any way with PEC, differently than what was reported for the fibrillation of bile salts complexed with block copolymers. 46 We could explain this evidence by the fact that selfassembled fibers are only composed of the COOH form of SL-C18:0 and they are thus neutral objects, which do not interact with PEC. This statement seems to be in contrast with ζ-potential experiments performed on the SL-C18:0 system below pH 7 (Figure S 3) and showing an overall negative charge. However, one should be aware that ζ-potential experiments are not structure-selective and we have no direct proof that the global negative charge is specifically associated to fibrillar structures rather than to a set of coexisting colloids composed of fibers and residual micelles. If fibers are actually negatively charged, one should also not exclude the possibility that the charge density is too low to drive complexation with PEC.

The SAXS profile of the [G-C18:1 + PLL] at pH 5.50 (black curve, Figure 4c,d) is on the contrary very different than the corresponding [G-C18:1] + [PLL] control signal (grey curve, pH 5.50, Figure 4c): the mixture displays two sharp peaks at q1= 0.17 Å -1 and q2= 0.34 Å -1 (Figure 4d), referring to the (100) and ( 200) reflection of a lamellar order, while the control signal has the typical profile of single-wall vesicles, expected for G-C18:1 in water at concentration below 10 wt% and pH< 7. 49,54 The q1:q2= 0.5 and the sharpness of the peaks (Δq= 1.4 . 10 -3 Å -1 ) strongly suggest the presence of extended lamellar domains, never observed for this compound alone prepared under the same conditions. The corresponding cryo-TEM image in Figure 4e interestingly shows the systematic massive presence of vesicular objects having a thick lamellar wall (white arrows in Figure 4e), as similarly found in lipoplex systems, 2,19 and other multilamellar walls vesicle PESCs, 4 where the lipid walls (here G-C18:1) are held together by the sandwiched polyelectrolyte (here PLL). Cryo-TEM excludes the presence of a flat lamellar phase, or condensed platelets. A more detailed electron microscopy study of the [G-C18:1 + PLL] material under acidic pH conditions are reported elsewhere. 64 To better understand the phase transition from alkaline to acidic pH, Figure 5 shows the full range of the pH-resolved in situ SAXS experiment, presented as 2D contour plots. The contour plot (0.1 < q / Å -1 < 0.4) concerning the pH dependency of G-C18:1 control sample solution is shown in Figure 5a. The pH region between pH 10 and ~6.5 is characterized by no distinct signal in the contour plot representation, as expected, because G-C18:1 forms a micellar, M, phase in this pH range. 49,54 Below pH ~6.5 and until pH ~3.5, the contour plot shows a broad signal, characterizing the vesicle, V, phase and corresponding to the oscillation of the vesicle membrane form factor (grey profile, pH 5.5, Figure 4c) and largely documented in Ref. 49,54 . Below pH ~3.5, two sharp diffraction peaks at q= 0.176 Å -1 and q= 0.352 Å -1

(Figure S 8) refer to the (100) and ( 200) reflections of a lamellar order and characterize a lamellar phase, L, precipitate in solution. 49 In summary, the control G-C18:1 solution displays a micelle-to-vesicle-to-lamellar phase transition in agreement with our previous results. 49 The contour plot for the [G-C18:1 + PLL] PESC at C= 2.5 mg . mL -1 is shown in Figure 5b. From pH 10 to about pH 7.5, the plot shows the dim signal of the broad (Δq= 0.06 Å -1 ) correlation peak at q= 0.171 Å -1 attributed to the Co phase, of which the composition is defined earlier in the manuscript. 5a). We then reasonably attribute it to the precipitation of the lipid L phase, probably without PLL, which is most likely expelled in the surrounding solution.

This assumption will be discussed in more detail in the next paragraphs. All in all, the G-C18:1 lipid undergoes a pH-driven Co-to-MLWV-to-L phase transition when mixed with PLL. In fact, this result is more general and not restricted to PLL only: we find similar results for all other PEC tested in this study and discussed elsewhere. 64 In comparison to G-C18:1, SL-C18:0-based PESCs behave in a completely different manner, because they are characterized by a straight micelle-to-fiber phase transition around pH 7. No structural or morphological continuity in the micelle-to-fiber phase transition is ever observed for this system, where micelles are more thought to play a reservoir role rather than a nucleation site. 49,59 Interestingly, when SL-C18:0 is mixed with PLL, we also observe a systematic direct coacervate-to-fiber phase transition (Figure S 9), where the coacervate signal signal (q= 0.078 Å -1 ; q= 0.15 Å -1 ) at basic pH fades away until the appearance of the typical fiber structural peak at q= 0.229 Å -1 below pH 7. 49 This behavior follows the direct micelle-tofiber phase transition observed for the SL-C18:0 control and we could reproduce it with all PEC employed in this work when they are mixed with this lipid.

Complex coacervate-to-Multilamellar wall vesicles (Co-to-MLWV) phase transition

The pH-resolved in situ SAXS experiments show a remarkably different behaviour of the G-C18:1 lipid in the presence of PLL with respect to the control. The latter undergoes a micelle-to-vesicle phase transition, driven by the carboxylate-to-carboxylic acid reaction upon lowering the pH and inducing a conformational change of the lipid. Low curvature membrane (Figure 6b) morphologies are then favoured over high curvature micelles (Figure 6a), due to the progressive disappearance of repulsive electrostatic interactions, which indirectly impact the packing parameter of the lipid. 18,69 Our data show that the same phenomenon occurs in the presence of PLL, when the lipid micelles are engaged in the formation of complex coacervates (Figure 6c). Upon lowering the pH, micelle-to-vesicle phase transition always occurs despite the presence of PLL; however, instead of forming single-wall vesicles, classically found in the control, 54 we observe a Co-to-MLWV phase transition (Figure 6d).

The continuity in the phase transition and the isostructural and isodimensional correlations between the coacervate and MLWV phases is explicit in the 2D SAXS experiment at CG-C18:1= 10 mg . mL -1 (Figure 5c): the broad correlation peak of the Co phase at q= 0.171 Å -1 fades away between pH 7.7 and 7.5 and it overlaps to the sharp diffraction peak of the MLWV phase at q1= 0.179 Å -1 . Their position only shifts in│q-q1│= 0.007 Å -1 (1.6 Å) strongly suggesting an internal, progressive, restructuring of the coacervates into MLWV (Figure 6c,d).

The average d-spacing associated to the q range contained between 0.171 Å -1 and 0.179 Å -1 is

Published in Langmuir DOI: 10.1021/acs.langmuir.0c01177 20 d= 35.9 Å, in agreement with both the typical diameter of a G-C18:1 micelle and the thickness of its corresponding membrane, 49 but also to the length of a single lipid molecule, estimated to be about 25 Å using the Tanford relationship. 54,70 G-C18:1 is a bolaform amphiphile and we have previously shown that its micellar structure is not a classical core-shell spheroid, where the diameter roughly corresponds to twice the size of the molecule, 71 but rather to a core-shell ellipsoid, where the diameter matches the size of each single lipid, a typical behavior in bolaamphiphiles (Figure 6a,c). 49,71,72 In the meanwhile, we have also shown that, differently than bilayer-forming lipids, G-C18:1 forms vesicles with an interdigitated lipid layer (IL), of which the thickness corresponds to the size of a single molecule (Figure 6b,d). 49,54,71,72 In light of these observations, the most reasonable hypothesis explaining the Co-to-MLWV transition is a local decrease in curvature due to the micelle-to-IL transition (Figure 6c,d) of G-C18:1. The driving force is the screening of electrostatic repulsions between adjacent carboxylate groups due to progressive acidification (Figure 6a,b). The residual negative charges in the membrane guarantee a charge density high enough to promote electrostatic attraction with the positivelycharged PLL contained between two G-C18:1 IL, as theoretically predicted and experimentally observed in polyelectrolyte systems at charged interfaces. 41,73,74 The equilibrium curvature in lipid-polyelectrolyte complexes depends on a subtle force balance between the bending modulus and electrostatic energy, which can be comparable. 38,39,75 Polymers can have a significant impact on the bending energy of lipid bilayers in the case of strong adsorption and large polymer volume fractions. 36 For charged systems in particular, the interplay between the bending stiffness of the lipid bilayer and the charge density of both the lipid bilayer and polyelectrolyte govern the overall free energy of the complex. 4,25,38,39,75 As a consequence, it is not obvious to predict the equilibrium curvature in a complex polyelectrolytebilayer system at equilibrium, 42,43 and this task becomes even harder, if not impossible, in nonequilibrium systems with variable surface charge density.

Micelles have a high charge density and a higher spontaneous curvature compared to vesicles. When the decrease in pH reduces the charge density inducing the micelle-to-vesicle phase transition, the PESC undergoes the Co-to-MLWV phase transition, meaning a decrease in spontaneous curvature. Interestingly, the pH region where this phenomenon occurs is the same in the control and in the complex, thus meaning that the contribution of the membrane bending energy prevails over the electrostatic energy contribution. 38 It is also interesting to note that [G-C18:1 + PLL] PESCs form vesicular (MLWV), and not flat, multilamellar objects. This is also not an obvious result and it can also be explained by the subtle interplay between the electrostatic and bending energies. 37,39 The former is not large enough to counterbalance the membrane spontaneous tendency to bend; on the contrary, the magnitude of the latter, being proportional to the membrane bending rigidity, 76 is not high enough to drive the complex towards an infinitely small curvature, characterizing a flat structure.

In the description proposed by Brooks et al. 36 , the effective bending energy can significantly vary in the case of strong adsorption and large volume fraction of the polymer, meaning that, in principle, the polymer could flatten the membrane. Other authors point at the importance of the charge ratio, Z, between the polyelectrolyte and the lipid but also at the persistence length, that is the rigidity, of the polymer: 7 for small Z and flexible polymers, supramicellar aggregates like complex coacervates are favoured, while for high Z and rigid polymers, micellar rods or flat bilayers might be favoured. In the present work we observe the same phase Co-to-MLWV transition, whichever the polymer employed, may it be PLL or chitosan, the latter being considered as rigid. 7 The ionic strength is not controlled but the pH change process generates salt concentrations generally below 50 mM, which are generally enough to keep the rigidity properties of the polyelectrolyte. 7 A specific comment on the ionic strength will be given at the end of the manuscript. The actual value of Z for our systems is harder to determine. A mere calculation based on the lipid and PEC concentrations and respective molecular weight indicates Z< 1, which is compatible, according to ref. 7 , with the existence of complex coacervates. However, in these systems Z increases during pH variation because of the carboxylate-to-carboxylic reaction and in fact we are not able to quantify Z at a

given pH simply because we cannot measure the actual surface charge density and distribution in PESCs. On the basis of these considerations, we conclude that the impact of polymer adsorption (including strength, quantity, rigidity and screening) is not strong enough to prevent the micelle-to-vesicle transition and to counterbalance the bending energy of the surfactant in the vesicle phase. For this reason, the stable phase is vesicular and not flat lamellar, as found at lower pH values.

In the MLWV phase, between pH 7.5 and 4, the d-spacing of the lamellar wall progressively increases from d= 34.9 Å (q1= 0.180 Å -1 ) to d= 40.2 Å (q1= 0.156 Å -1 ), before precipitation of the L phase below pH 4 with d= 34.8 Å (q= 0.181 Å -1 ) measured at pH 3 (Figure 5d). At the moment of formation, MLWV have the same d-spacing value as in the L phase and this value is less than 1 Å shorter compared to the lamellar period in the G-C18:1 L phase control (d= 35.7 Å). The fact that the shortest d-spacing in the MLWV is comparable to the control is counterintuitive, because the interlamellar volume in the MLWV must accommodate PLL chains, which occupy a given volume. However, from the theory of polyelectrolyte adsorption on surfaces of opposite charges and from many experimental works, it is well-known that polyelectrolytes can form a flat 2D layer. 74,77 In this case, the thickness of the polyelectrolyte layer corresponds to its molecular cross-section. The cross-sectional diameter of PLL is reasonably expected to be contained between 1 Å and 8 Å, the former being the lower limit found in many polymeric systems 78 and the latter estimated in bilayer/PLL multilayers at pH below 7. 79 The thickness of the G-C18:1 interdigitated layer can be calculated to be about 25 Å by applying the Tanford formula (L= 1.54+1.265*n, L being the length of the aliphatic chain and n the number of methylene groups) 70 to an effective C16 aliphatic chain (considering the 120° of the double bond in G-C18:1) and taking 8 Å as the size of a single glucose molecule. 80 Experimentally, we have estimated the thickness of the G-C18:1 membrane to be contained between 28 Å (pH 7) and 30 Å (pH 6) by modelling SAXS data (Figure S 4 in Ref. 49 ), with an error due to fitting process of at least ±10 %. To account for the experimental dspacing values, one has to consider a hydration interlamellar layer between 5.7 and 7.7 Å in the PLL-free control system, which can be classically found in lipid lamellar phases. 81,82 At the moment of formation of the MLWV at pH 7 (d= 34.9 Å), one can otherwise estimate the contribution of PLL to the interlamellar layer to be contained between 4.9 Å and 6.9 Å, the latter being in better agreement with what it was experimentally reported in ref. 79 and taking into account a thickness of the IL of 28 Å.

Several points should be highlighted from the above:

-Considering the thickness of the lipid membrane, the resulting interlamellar space is compatible with the diameter of PLL. In other words, a single PLL layer accommodates in between G-C18:1 interdigitated layers during the formation of MLWV in agreement with the dilute and semidilute regimes described in ref. 74 .

-Considering the fact that the interlamellar distance is practically equivalent to the expected diameter of PLL, one does not expect a significant content of hydration water and counterions in the proximity of PLL. This is consistent with the entropic gain of releasing water molecule and counterions during the formation of PESCs, 4,25 verified and quantified below by ITC experiments. However, hydration water and counterions can fill the space between adjacent polyelectrolyte molecules, as also implied by the semidilute regimes described in ref. 74 .

-At the moment of MLWV formation and after precipitation of the L phase below pH 4, the thickness of the interlamellar space is the same and it is comparable with the interlamellar thickness in the PLL-free control. This fact shows that PLL can partly replace hydration water, confirming the assumptions above.

-Considering that d-spacing is the same at the moment of MLWV formation at pH 7 and after precipitation of the L phase below pH 4, one could formulate the hypothesis that PLL is trapped in the L phase. Our data cannot directly prove this assumption, but we will provide more insights on this point in the following paragraphs, suggesting that this is not the case.

-Increase of the d-spacing in the MLWV between pH 7 and pH 4 is certainly related to the protonation of G-C18:1, an analogous, although opposite, mechanism described for systems composed of lipid membrane with constant charge density and pH-reactive polyelectrolytes. 20 A more detailed explanation of the pH-dependent evolution profiles of both d-spacing and size of lamellar crystallites (Figure 5d) is given below.

- The pH-dependent d-spacing evolution is explained by looking at the intermolecular forces equilibrating in the interlamellar space. In a polymer-free lipid bilayer system, attractive

Van der Waals interaction counterbalances two short-range (< 30 Å), steric and hydration, and two long-range (> 30 Å up to hundred of nanometers) repulsive interactions, electrostatic and thermal undulation. [83][84][85] For interlamellar spacing below 30 Å, which is the case here, electrostatic and undulation are generally neglected. In the case of a polyelectrolyte contained between membranes with variable charge density, which is the case in this work, one should consider additional terms in the energy balance like a repulsive free polymer term, including chain elasticity and excluded-volume terms, an entropic contribution of the small ions, an electrostatic contribution, containing the polyelectrolyte-surface attractive and inter-chain repulsive interaction. 40,41,73,74,86,87 Under the conditions of MLWV formation, around pH 7, the negatively-charged G-C18:1 membrane undergoes strong electrostatic attraction with PLL, largely-documented in both theoretical and experimental works on polyelectrolytes at charged interfaces. 41,73,74,[87][88][89] When pH decreases, the carboxylate to carboxylic acid reaction reduces the number of negative charges and, consequently, it lowers the charge density of the lipid membrane. Since the attractive electrostatic component in the lipid-polyelectrolyte complex depends on the lipid charge density, lowering pH will reduce its contribution to the free energy.

The consequence will be an increased volume occupied by the polyelectrolyte, 74 which will cause an increase in the repulsive osmotic pressure 40,41 with consequent swelling of the membranes, experimentally shown in Figure 5b,d and schematized in Figure 6e.

Below pH 4, the MLWV peak disappears until pH ~3, when the signal of the L phase at d= 34.8 Å appears again. Interestingly, this value is practically the same one observed at the moment of the MLWV formation at pH 7 and actually 0.9 Å smaller than the d-spacing found in the G-C18:1 control at the same pH value. Such an observation could induce to formulate the hypothesis that in the MLWV-to-L phase transition below pH 4, PLL is confined in between the lamellae. In fact, we believe that this is not the case for several reasons. It is well-known that at low hydration and in the absence of specific attraction interactions, large polymers segregate outside the lipid interlamellar space. 90 However, the polymer cannot be reasonably expelled from a dense, closed, multilamellar object. The evolution of the crystallite size with pH in Figure 5d helps understanding the mechanism of expulsion. Between pH 5 and 4, dspacing is still increasing, testifying of the expansion of the lamellae due to the repulsive pressure applied by PLL. In the meanwhile, the peak becomes broader, with consequent drop in the crystallite size. At pH 4, the peak becomes so large that the crystallite size has dropped from several thousand of Ångstrom to only few Ångstrom, while d-spacing drops back to 34.7 Å. Below pH 5, the repulsive pressure exerted by PLL becomes so strong that the long-range order in the MLWV is lost. Complete disruption of the multilamellar walls occurs below pH 4, when PLL could eventually be expelled in the surrounding aqueous solution. Upon expulsion of PLL, G-C18:1 precipitates in its thermodynamically favorable L phase, the same as found in the control lipid solution. This mechanism is summarized in Figure 6e at pH below 5.

Study of the interactions between glycolipids and PLL

To confirm and quantify the interactions between G-C18:1 and PLL in the MLWV phase, as hypothesized in Figure 6, and to prove that SL-C18:0 fibrils do not contain PLL, we run a combination of solution NMR and ITC experiments. corresponds to the final ratio found in the MLWV phase. The former, also known as r in the literature, 21 is generally different than the latter, known as r*. 21 This behaviour is expected and often reported for complex coacervate systems, which follow their own stoichiometry even if the initial ratio is not optimized. 21 [G-C18:1] 𝐹 [PLL] 𝐹 ranges between roughly 100 and 200, where the large discrepancy is in fact not so surprising and probably due to the crude method to prepare the sample (centrifugation, redispersion) prior to NMR analysis.

From the above, one can estimate the final monomer ratio

[𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹
in the MLWV phase and varying between 5 and 10. These numbers should be taken with caution for two reasons: 1) the large uncertainty on the Mw of PLL, here taken as 2.5 kDa but actually varying between 1 kDa and 5 kDa; 2) the uncertainty on the integral of PLL, which, being a high-molecular weight compound, may not be quantitatively probed by solution NMR due to long T2 relaxation times.

Despite the uncertainty on the signal of PLL, ). 57 The pKa of the oleic acid moiety of G-C18:1 could be considered of about 7, a classical value found for oleic acid in water. 91,92 Then, the actual 𝐶𝑂𝑂 -content at pH 5 could reasonably be estimated between 10% and 30%, for which

[𝐶𝑂𝑂 -] 𝐹 [𝑁𝐻 3 + ] 𝐹
now varies respectively between 0.7 and 2 (Table 2).

Within the hypothesis of a contained ionic strength (this point will be discussed at the end of the manuscript), the formation of MLWV occurs just above pH 7, in the proximity of, or slightly above, the pKa of oleic acid, with a

[𝐶𝑂𝑂 -] 𝐹 [𝑁𝐻 3 + ] 𝐹
content ranging between 2 and 5. MLWV are then stable until pH 4, when

[𝐶𝑂𝑂 -] 𝐹 [𝑁𝐻 3 + ] 𝐹
falls below the range 0.5 -1. Finally, in terms of amount of lipid and PLL consumed, NMR shows that an average of about 70% of the initial content of G-C18:1 is employed to form MLWV in spite of less than 10% of the initial PLL content.

Variations in the initial

[G-C18:1] 𝐼𝑛 [PLL] 𝐼𝑛
do not seem to have any particular influence on the amount of consumed reactants. 

Molar ratio

Monomer ratio in MLWV % consumed reactants in To confirm and strengthen the NMR data, ITC experiments are performed in the MLWV phase region. In particular, ITC provides a direct proof of the specificity of the interaction between G-C18:1 and PLL and it quantifies its thermodynamic parameters. Figure 7a shows the heat rate profile upon controlled injections of buffer (phosphate) and G-C18:1 solutions into a PLL solution. The negative peaks identify an exothermic process, while the rapid loss in the heat rate intensity, compared to the buffer injection, shows that PLL binding sites are rapidly saturated with G-C18:1. Typically, data obtained by ITC for the adsorption of surfactant on polyelectrolytes are interpreted by using the Satake-Yang binding isotherm, 93 but more recent multiple site binding models have appeared in the literature 94,95 and are provided by the Nanoanalyze software, 96 allowing a handy way to extract thermodynamic parameters and to compare them across studies. 97,98 The "independent model" considers the interaction of "n" ligands with a macromolecule that has one binding site (or multiple equivalent binding sites); 99,100,101 the "multiple site" model allows for fitting to two independent sites, each with a unique association constant, 𝑘 𝑎 , stoichiometry, 𝑛, and enthalpy change, ∆𝐻; the "sequential (two sites)" model considers two binding sites where the first is populated before the second accepts a ligand.

MLWV [G -C18: 1] 𝐼𝑛 [PLL] 𝐼𝑛 (in solution) [G -C18: 1] 𝐹 [PLL] 𝐹 (in MLWV) [𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹 [𝐶𝑂𝑂 -] 𝐹 [𝑁𝐻 3 + ] 𝐹 [G -C18: 1] 𝐹 [G -C18: 1] 𝐼𝑛 [PLL] 𝐹 [PLL] 𝐼𝑛 (10% 𝐶𝑂𝑂 -) (30% 𝐶𝑂𝑂 -) 5 
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29 In this work, the independent model is not able to fit the data and it is then discarded.

The evolution of the enthalpy change of interaction, ∆𝐻 𝐼𝑛𝑡 , with mole ratio (Figure 7b) can be satisfactorily fitted with both the "multiple site" and "sequential (two sites)" models. However, one should be aware of the fact Langmuir-type binding isotherms do make some assumptions which are not completely satisfied for the experiments and results should be interpreted with caution and with an eye on the underlying physics. Here, the highest consistency between the fitting results and the physics of adsorption of G-C18:1 onto PLL is obtained with the "multiple site" model, interpreted hereafter.

The thermodynamic parameters extracted from the fit of the enthalpy profile are given in Table 3. The first interaction has a positive enthalpy change (∆𝐻 1 = 28.9 ± 0.9 kJ/mol) and an entropy variation of 𝑇∆𝑆 1 = 76.7 ± 22.8 kJ/mol. The second interaction shows a negative entropy change (∆𝐻 2 = -2.8 ± 0.8 kJ/mol) and a smaller entropy variation (𝑇∆𝑆 2 = 33.6 ± 1.1 kJ/mol). Please note that the denominations first and second do not specify sequential interactions, i.e. they can occur in any random order, as both sites are independent. These data illustrate that the first interaction is endothermic, non-specific and essentially entropydependent, most likely driven by the hydrophobic effect. On the contrary, the second is exothermic, specific and most likely driven by electrostatic and/or of H-bonding interactions, 98 as also found for β-lactoglobulin/sodium alginate in the pH range where they are oppositely charged. 102 Both interactions are of equivalent importance for the association of G-C18:1 and PLL, considering that both Gibbs free energies (∆𝐺) are negative and of the same order of magnitude.

From a mechanistic point of view, we interpret these data with a standard surfactantpolyelectrolyte approach: 98 G-C18:1 strongly binds to PPL through specific interactions (∆𝐻 2 < 0) with an entropic (𝑇∆𝑆 2 > 0) component, most likely coming from the release of water and counterions initially associated to the charged binding sites. The stoichiometry of the interaction in Table 3 corresponds to the monomer stoichiometry, also evaluated by NMR in strongly support the reliability of the hypothesis formulated in Figure 6. The order of magnitude of the interactions and affinity constants found here are in also good agreement with the values published in the literature for similar systems, where |∆𝐻| varies between 1 and 20 kJ/mol, |𝑇∆𝑆| between 1 and 50 kJ/mol with affinity constants in the order of 10 7 M -1 . 97,[103][104][105] The second energetic contribution found in the [G-C18:1+PLL] system is non-specific (∆𝐻 2 > 0) and it corresponds to the clustering, or grouping, of the non-polar tails of G-C18:1 molecules, driven by the release of water (𝑇∆𝑆 2 > 0). Similar coexisting specific and nonspecific interactions were reported in hyaluronan/cationic vesicles system 106 or gum acacia/bovine serum albumin system 107 and are well-known in polyelectrolyte-micelle coacervation ("polymer-driven micellization"). 8 summarizes the major findings of this work. SL-C18:0 is a lipid which undergoes a direct micelle-to-fiber transition in water in the vicinity of pH 7. We had proposed a nucleation and growth mechanism of the fibers with no apparent structural continuity with the micelles, which act as reservoir of matter. 49,59 In the presence of a polyelectrolyte, such mechanism persists. Above pH 7.5, the negatively-charged micelles are complexed by the polyelectrolyte into a complex coacervate (Co phase), of which we find two major structures by cryo-TEM, a dense cluster of micelles (panel 1 in Figure 3) coexisting with a PLL-rich (sc in Figure 3) and textured, "pearl-necklace"-like, glycolipid-rich medium (panels 2,3 in Figure 3). Below pH 7.5, the coacervate phase disassembles in favour of a twisted ribbon phase, only composed of SL-C18:0 only, as confirmed by 1 H solution NMR experiments (Figure S 11c,d).

Interestingly, ribbons were shown to form by the interaction of bile salts with block copolymers, 46 and for this reason we speculate that SL-C18:0 fibers are either neutral objects of their surface charge is too low for complexation to occur. We stress however the fact that at the moment we do not have a direct measurement of the fibers' surface charge. As in the PECfree system, the coacervate-to-fiber transition occurs in less than a pH unit and without any intermediate. This general mechanism is shown in Figure 8a. The best hypothesis, to be eventually verified with other complementary techniques, is that upon charge compensation during lowering pH, SL-C18:0 molecules are progressively acidified and slowly diffuse from the micellar environment to the solution. The solubility of acidic SL-C18:0 in water is low and for this reason, after reaching a critical concentration, nucleation of the twisted ribbons occurs, followed by growth and concomitant disruption of the coacervate. Last but not least, the nature of the PEC has no influence on the coacervate-to-fiber transition, indicating that PEC rigidity and charge density play no significant role.

In the absence of a polyelectrolyte, G-C18:1 undergoes a micelle-to-vesicle-to-lamellar phase transition, characterized by a structural and morphological continuity. 49 In the presence of PLL (generalization to other PEC is presented elsewhere), 64 G-C18:1 forms a Co phase in the micelle region of its phase diagram at pH> 7. If combination of cryo-TEM and SAXS suggests a textured worm-like structure of the coacervate (Figure 3d) rather than a "pearlnecklace" , complexation by the polyelectrolyte does not induce shape transition in the G-C18:1 micelles. This is in line with the body of data published on surfactant-polyelectrolyte coacervates 21 and probably explained by the low binding affinity of ammonium groups. 108 Below approximately pH 7.5, we find a transition between the complex coacervate and multilamellar walls vesicles. This is driven by an isostructural and isodimensional (Figure 6c,d) micelle-to-membrane transition (Figure 6a,b): the diameter of the micelles, embedded in the coacervate phase, is equivalent to the thickness of the membrane. The thickness corresponds to the length of a single G-C18:1 molecule (Figure 6d), as previously found for this systems 49 and expected for bolaamphiphiles. 71 MLWV are stable in the pH interval between 7 and 5. A decrease in pH corresponds to an increasing content of the acidic form of G-C18:1 in the membrane and a consequent lowering of the membrane charge density. For this reason, the interlamellar distance increases by decreasing pH, due to the increasing thickness of PLL, hence causing an increase in repulsive pressure, upon lowering the charge density of the membrane (Figure 6e). 74 Quantitative 1 H NMR experiments confirm that MLWV are composed of both G-C18:1 and PLL with an average monomer stoichiometry of 6.8 ± 2.2. Considerations about the pKa (here assumed to be about 7) and pH at which MLWV are prepared (5) suggest a situation of charge compensation between carboxylic acids and ammonium groups. Such specific interactions (∆𝐻 2 = -2.8 ± 0.8 kJ/mol) with a comparable stoichiometry (3.8 ± 0.7) and high affinity (𝐾 𝑎2 = 2.6 ± 1.5 . 10 6 M -1 ) are also confirmed by independent ITC experiments. When the amount of negative charges has lowered at a point below which attractive interaction with PLL can no longer hold the membranes together (between pH 5 and pH 4), MLWV experience a loss in the long-range lamellar order. This is followed by the complete disruption of the MLWV, causing the expulsion of PLL and eventually followed, below pH 3, by precipitation of a polyelectrolyte-free lamellar phase only composed of G-C18:1 (Figure 6e and Figure 8b). If pH is increased again, MLWV form again in their pH stability range. However, further increase in pH does not induce a reversed MLWV-to-Co transition, but rather the formation of free micelles and PLL. Our data show that the Co-to-MLWV transition is driven by the dynamic variation in the effective packing parameter of G-C18:1 and which depends on the transition from its ionic to neutral form. If this result is coherent with previous studies on the equilibrium phase diagrams of PECSs, where the packing parameter of the PESC was modified either by using a cosurfactant 6,24 or by varying the nature of the polar headgroup, 35 we do not find a major influence of the type of polyelectrolyte, as proposed elsewhere. 7 This is unexpected, especially considering the strong impact of polyelectrolytes on the membrane bending energy already discussed above. It has been recently shown that the pH-driven micelle-to-vesicle transition in free ethoxy fatty acids solutions 34 can be inhibited in the presence of a polyelectrolyte. 35 In fact, to the best of our knowledge, evidence of isostructural and isodimensional micelle-to-vesicle transition in PESCs at concentrations as low as 0.2 wt% have hardly been described. Lamellar or multilamellar PESCs phases are far from being uncommon but they are generally obtained for calibrated formulations 35 and often at high lipid concentrations (generally above 10 wt%). 24 Furthermore, similar phase transitions were never reported in specific polyelectrolytesurfactant complex coacervate systems.

It is worth mentioning a short comment on the MLWV structure, which we systematically find, instead of flat lamellar phase or agglutinated single-wall vesicles. We have discussed the former situation as the overwhelming effect of the intrinsic bending energy of the G-C18:1 interdigitated layered membrane overwhelming the competing structuring effect of the polyelectrolyte. Although we cannot quantify it, it seems clear that any of the polyelectrolytes employed in this study are neither rigid enough nor bind strongly enough to generate a flat membrane.

Whether the non-equilibrium continuous pH variation to cross the micelle-vesicle boundary of G-C18:1 has any impact on the Co-to-MLWV transition is an open question to

which we can answer only partially. Vesicles are generally considered as metastable structures, although in some cases, when the structure does not evolve for an "infinitely" long time, they are assumed to be at equilibrium. G-C18:1 spontaneously self-assembles into vesicles upon pH variation from alkaline to acidic pH under conditions of both pseudo- 54 and non-equilibrium (Figure 5a). 49 Furthermore, unpublished in-lab tests show that G-C18:1 in fact spontaneously forms vesicles by a simple dispersion in water at pH below 7 and by application of moderate amounts of energy (e.g., bath sonication). G-C18:1 vesicles tend to be colloidally stable over long periods of time (months). On the basis of these observation, one can qualitatively say that the vesicle phase is the thermodynamic phase of G-C18:1 under acidic pH conditions. Given the above, MLWV structures should be systematically obtained if pH is varied extremely slow or if a G-C18:1 pre-formed vesicles and PEC solutions are mixed at acidic pH. In the first approach, it would be hard and ridiculously long to determine which rate of pH variation would be considered to be compatible with equilibrium conditions. For instance, Chiappisi et al. have employed equilibration times for a given pH value between 2 and 15 days. 35,68 For this reason, we have employed the second approach, reported elsewhere, 64 and which does not show the formation of a single MLWV phase but rather a multiphasic system composed of agglutinated vesicles, cabbage-like structure and MLWV.

Agglutination of single-wall vesicles (SWV) 25,109,110 against the formation of MLWV is an open, and important, question in the literature both from a fundamental 110 and applicative points of view, as agglutination is important in the field of life science, 110 while MLWV have a specific interest in gene transfection applications. 111 If several authors have explained the origin of MLWV structures as a simple matter of lipid-to-polyelectrolyte ratio, 3,111,112 other authors Published in Langmuir DOI: 10.1021/acs.langmuir.0c01177

show contradictory data, where a mixture of both can be found. 113 In the present system, we rather believe that the systematic production of MLWV, instead of agglutinated SWV, depends on the combination between the pre-existing complex coacervate phase, inside which the isostructural and isodimensional micelle-to-vesicle phase transition occurs, and the nonequilibrium pH variation, which traps the system in the MLWV phase. Separation between these mechanisms is shown elsewhere. 64 Finally, the Co-to-MLWV transition is driven by a pH jump process, meaning that salt is continuously generated. Ionic strength is an important parameter with a strong impact on the stability of PESCs, but the charge density on both the polymer and the colloid, equally pHdependent, are also very important for the PESC stability. 21 Under the experimental conditions of this work, the amount of generated salt is in the order of 50 mM. Such concentration is modest compared to other studied reaching ionic strength as high as 0.4 M, 62 but it could play a role in the overall electroneutrality and charge stoichiometry of both coacervates and MLWV.

However, the pH jump process, necessary to drive the Co-to-MLWV transition, does not prevent the formation of both the Co and MLWV phases. Even if preliminary data (not displayed here) seem to show that MLWV are stable up to 0.5 M NaCl, we suspect salt to be responsible for the lack of reversibility of the Co-to-MLWV-to-Co transition (Figure S 10), meaning that this parameter certainly deserves to be studied in detail in relationship to the stability of PESCs containing G-C18:1.

Conclusion

Non-equilibrium phase transitions in polyelectrolyte-surfactant complex (PESC) coacervates (Co) are addressed in this work by mean of stimuli-responsive negatively-charged amphiphiles and cationic polyelectrolytes. We employ two microbial glycolipid biosurfactants known to undergo micelle-to-fiber (deacetylated acidic C18:0 sophorolipids, SL-C18:0) and micelle-to-vesicle (deacetylated acidic C18:1 glucolipids, G-C18:1) phase transition when pH is lowered from alkaline to acidic. In the alkaline pH domain, both amphiphiles mainly form a phase characterized by negatively-charged micelles. Upon mixing with a positively-charged polyelectrolyte, pH-resolved in situ SAXS, DLS and ζ-potential combined with cryo-TEM show the formation of globally neutral PESC polyelectrolyte-surfactant coacervates. Upon acidification of the solution, the SL-C18:0 amphiphile undergoes a micelle-to-fiber transition, independently from the presence of the polyelectrolyte, which, according to 1 H NMR arguments, is most likely released in solution and it coexists with the fibers, but without specific interactions, differently than other similar systems. 46 The micelle-to-fiber transition is hence responsible for the disruption of the complex coacervate, which becomes unstable below pH ~7, the transition pH of the SL-C18:0 surfactant alone.

At the micelle-vesicle boundary, we find a continuous isostructural and isodimensional transition between complex coacervate (Co) and multilamellar wall vesicles (MLWV). By reducing the negative charge density during acidification, the micellar aggregates embedded in the Co phase are characterized by a decrease in the local curvature, which drives the transition from spheres to membranes, composed of interdigitated G-C18:1 molecules. The residual negative charge density guarantees electrostatic interaction with the polyelectrolyte, which keeps the membranes together. This is supported by both NMR and ITC experiments, providing a comparable charge stoichiometry and the latter showing specific interactions (∆𝐻< 0). The bending energy associated to the polyelectrolyte-membrane complex is low enough for the lipid membrane to bend and drive the formation of vesicular colloids, characterized by multilamellar walls. The membrane thickness is equivalent to the micellar radius and compatible with the length of G-C18:1, testifying the isostructural and isodimensional transition. At lower pH, the membrane charge density becomes low and interactions with the polyelectrolyte less strong.

This phenomenon promotes intra-chain electrostatic repulsion interactions and eventual swelling of the lamellar region. Finally, when the membrane becomes neutral, polymeric repulsion becomes strong enough to disassemble the lamellae. The polyelectrolyte will most likely be entirely solvated and at sufficiently low pH (< 3) the G-C18:1 precipitated in the form of a poorly-ordered, polyelectrolyte-free, lamellar phase, as found in the control lipid solution at the same pH. Upon increasing pH, MLWV form again but we do not find reversibility in the MLWV-to-Co transition.

This work shows that surfactant phase transitions driven by a non-equilibrium pH variation drive the complex coacervate out of its stability region. This occurs either through the loss of the polyelectrolyte-surfactant aggregation or through the formation of a new complex phase. In both cases, the nature of the polyelectrolyte (e.g., rigidity or charge density) does not have any significant influence on the fate of the transition, as found for most PESCs. For the MLWV phase, the bending energy of the lipid membrane is low enough to counterbalance the strong adsorption and stiffness of the polyelectrolyte, which could otherwise drive the formation of a flat lamellar phase. At the same time, combination between the isostructural and isodimensional transition occurring in the confined micellar complex coacervate with nonequilibrium pH variation drive the formation of a MLWV phase, interesting for biomedical applications, rather than of a system composed of agglutinated single-wall vesicles, as found in many other systems. Finally, we stress the fact that this work demonstrates the possibility to prepare a new generation of stimuli-responsive and fully sustainable PESCs due to the use of biosurfactants. Table S1 to Table S3 3 references
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Published in Langmuir DOI: 10.1021/acs.langmuir.0c01177 To avoid sedimentation issues in the SL-C18:0 fibrillar system, we have repeated the turbidimetric titration of the [SL-C18:0 + PLL] mixture using a continuous flow-through device installed on a light scattering instrument and which guarantees a better homogenization of the sample solution. Data in Figure S 1 show a scattering behavior, in which one can identify some scattering above pH 10, due to the formation of platelets in the SL-C18:0 system alone, 1 and a strong scattering below pH 7, as reported elsewhere for the SL-C18:0 system alone. 2 Interestingly, the region between pH 7 and 10 is characterized by a mild scattering but comparable, after normalization, to the scattering observed in UV-Vis experiments (Figure S 1b). Whichever the method of analysis employed, we systematically find a region of pH, generally between 7 and 10, in which the lipid-PEC mixed solution becomes turbid, differently than the controls. When mixed with different concentrations of PLL, all scattering profiles show a common belllike shape, with an enhanced signal between pH 7 and 10. Indeed, blue, yellow and green curves, respectively standing for concentration of PLL of 2.5 mg.mL -1 , 1.25 mg.mL -1 and 0.625 mg.mL -1 , show an intensity peak at around pH 8.5 -9. This behavior clearly identifies a preferred pH range of interaction between lipids and PLL, precisely from pH 7 to pH 9. 
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Non-specific Endothermic (entropic, hydrophobic effect) 
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Synthesis of multilamellar walls vesicles polyelectrolyte-surfactant complexes from pH-stimulated phase transition using microbial biosurfactants

Introduction

Polyelectrolytes and surfactants may assemble into complex structures known as polyelectrolyte-surfactant complexes (PESCs). When these compounds are oppositely charged, their self-assembly process is mainly driven by electrostatic interactions and it results in the formation of aggregates, which have a broad range of applications in biological materials, [1][2][3][4][5] drug delivery, [6][7][8] surface modifications, 9 colloid stabilization 10 and flocculation 11 and consumer health-care products. The rich mesoscopical and structural organisation of surfactants combined with the electrostatic interactions with polyelectrolytes give rise to a wide range of structures and phases. [12][13][14][15][16][17][18] Many works reported cubic or hexagonal mesophases 15,16 but also a number of micellar-based structures: pearl-necklace morphologies, 2,19,20 interpenetrated polyelectrolytewormlike/cylindrical micelles network, 19,[21][22][23] spheroidal clusters composed of densely packed micelles held by the polyelectrolyte, the latter known as complex coacervates (Co) when they form a liquid-liquid phase separation. 19,24,25 Very interesting PESCs structures are formed when the surfactant forms low curvature vesicular morphologies. It is in fact generally admitted that modifying vesicles by the addition of polyelectrolytes is an interesting, cheap and simple approach to obtain nanocapsules, 23 which are good candidates to be used as versatile delivery systems, 19,23 like gene delivery, 1,22,26,27 or as MRI contrast agents. 28 One of the first PESCs vesicular systems has been reported more than 20 years ago in DNA-CTAB (cetytrimethylammonium bromide) systems, which were the precursors of a number of carriers for gene transfection and often referred to as lipoplexes, when cationic lipids replace surfactants in DNA complexation. 29,30 If the term lipoplex supposes the use of nucleic acids as complexing agents, similar structures, often addressed to as onionlike structures 31 or multilamellar vesicles, 13 were observed using both lipids and surfactants complexed by a wide range of polyelectrolytes. However, multilamellar, or onion-like, vesicles are rather characterized by single-wall membranes concentrically distributed from the outer to the inner core of the vesicle. Lipoplexes, on the contrary, are vesicular objects with a large lumen and a dense multilamellar wall. For this reason, in this work we employ the name multilamellar wall vesicles (MLWV).

The mechanism of formation of MLWV was addressed by several authors, but a common agreement is not achieved, yet. Several works propose that the lipid:polyelectrolyte ratio controls the fusion of single-wall vesicles into MLWV, 19,29,[32][33][34][35] while others rather observe vesicular agglutination under similar conditions. [36][37][38] In fact, a general consensus has not been found and a multiphasic system including agglutinated vesicles and MLWV are actually observed. 39 The question whether or not MLWV, and PESCs in general, are

Published in the Journal of Colloid and Interface Science -DOI: 10.1016/j.jcis.2020.07.021 3 equilibrium structures and how they are formed is still open, especially when they are prepared under non-equilibrium conditions. 19 To the best of our knowledge, the only works exploring a stimuli-induced approach in the synthesis of MLWV in particular, and PESCs in general, were proposed by Chiappisi et al.. 21,40 However, the pH variation in these works was still performed under pseudo-equilibrium conditions with equilibration times ranging from 2 to 15 days for each pH value.

In a recent work, we have explored a Co-to-MLWV phase transition under nonequilibrium conditions using a continuous variation in pH, 41 as illustrated by Figure 1. We could show that in the presence of G-C18:1, an acidic microbial glycolipid biosurfactant, 42,43 and poly-L-lysine (PLL), a cationic polyelectrolyte (PEC), the pH-stimulated micelle-to-vesicle phase transition of the lipid drives a continuous, isostructural and isodimensional, transition between complex coacervates and MLWV. PLL strongly binds to the lipid monolayers thus favouring (∆𝐺= -36.4 ± 1.9 kJ/mol) the formation of the multilamellar wall through both specific (∆𝐻= -2.8 ± 0.8 kJ/mol, electrostatic and possibly hydrogen bonding) and non-specific (∆𝐻= 28.9 ± 0.9 kJ/mol, entropic, hydrophobic effect) interactions, as quantified by isothermal titration calorimetry experiments. 41 In the present work, we generalize the method of preparing MLWV through a phase transition approach performed under non-equilibrium conditions and we show its performance in comparison to the more accepted method of vesicular agglutination. We show that the former can be applied to a broader set of polyelectrolytes and we explore in more detail the structure and size control of MLWV. ----------------+ 

Experimental section

Chemicals

In this work we use microbial glycolipids G-C18:1, made of a single β-D-glucose hydrophilic headgroup and a C18 fatty acid tail (monounsaturation in position 9,10). From alkaline to acidic pH, the former undergoes a micelle-to-vesicle phase transition. 42 Syntheses of glucolipid G-C18:1 are described in Ref 44 and 43 , where the typical 1 H NMR spectra and HPLC chromatograms are given. The compound used in this work have a molecular purity of more than 95%.

The polyelectrolytes used in this work are chitosan, obtained from the deacetylation of chitin from crusteans' shells, poly-L-lysine, widely used in biomedical field, polyallylamine and polyethylenimine. Chitosan oligosaccharide lactate (CHL) (Mw ≈ 5 KDa, pKa ~6.5) 45 with a deacetylation degree >90%, poly-L-lysine (PLL) hydrobromide (Mw ≈ 1-5 KDa, pKa ~10-10.5) 46 and polyallyllamine hydrochloride (PAH) (Mw ≈ 1-5 KDa, pKa ~9.5), 46 polyethylenimine (PEI) hydrochloride (linear, Mw≈ 4 KDa, pKa ~8) 47 are purchased from Sigma-Aldrich. We also employ a polyampholite, gelatin (Aldrich, type A, from porcine skin, Mw ≈ 50-100 KDa, isoelectric point 7-9), as a control. All other chemicals are of reagent grade and are used without further purification.

Preparation of stock solutions

G-C18:1 (C= 5 mg.mL -1 , C= 20 mg . mL -1 ), CHL (C= 2 mg . mL -1 ), PLL (C= 5 mg . mL -1 , C= 20 mg . mL -1 ), PEI (C= 5 mg . mL -1 ), PAH (C= 2 mg . mL -1 ) and gelatin (C= 5 mg . mL -1 ) stock solutions (V= 10 mL) are prepared by dispersing the appropriate amount of each compound in the corresponding amount of Milli-Q-grade water. The solutions are stirred at room temperature (T= 23 ± 2 °C) and the final pH is increased to 11 by adding a few μL of NaOH (C= 0.5 M or C= 1 M).

Preparation of samples

Samples are prepared by mixing appropriate volume ratios of G-C18:1 stock solutions at pH 11 and cationic polyelectrolyte (PEC) stock solutions, as defined in decreased by the addition of 1-10 µL of a HCl solution at C= 0.5 M or C= 1 M. The rate at which pH is changed is generally not controlled although it is in the order of several µL . min -1 .

Differently than in other systems, 48,49 we did not observe unexpected effects on the PESC structure to justify a tight control over the pH change rate. 

Dynamic light scattering measurements (DLS)

DLS experiments are performed using a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd, Worcestershire, UK) equipped with a 4 mW He-Ne laser at a wavelength of 633 nm. Measurements were made at 25 °C with a fixed angle of 90° and three acquisitions per sample.

pH-resolved in situ Small angle X-ray scattering (SAXS)

In situ SAXS experiments during pH variation are performed at room temperature on two different beamlines. The B21 beamline at Diamond Light Source Synchrotron (Harwell, England) is employed using an energy of E= 13.1 keV and a fixed sample-to-detector (Eiger 4M) distance of 2.69 m. The Swing beamline at Soleil Synchrotron (Saint-Aubin, France) is employed using an energy of E= 12 keV and a fixed sample-to-detector (Eiger X 4M) distance of 1.995 m. For all experiments: the q-range is calibrated to be contained between ~5. 10 -3 < q/Å -1 < ~4.5 . 10 -1 ; raw data collected on the 2D detector are integrated azimuthally using the inhouse software provided at the beamline and so to obtain the typical scattered intensity I(q)

profile, with q being the wavevector (𝑞 = 4𝜋 sin 𝜃 𝜆 ⁄ , where 2θ is the scattering angle and λ is the wavelength). Defective pixels and beam stop shadow are systematically masked before azimuthal integration. Absolute intensity units are determined by measuring the scattering signal of water (Iq=0= 0.0163 cm -1 ).

The same sample experimental setup is employed on both beamlines: the sample solution (V= 1 mL) with the lipid and PEC at their final concentration and pH ~11 is contained in an external beaker under stirring. The solution is continuously flushed through a 1 mm glass capillary using an external peristaltic pump. The pH of the solution in the beaker is changed using an interfaced push syringe, injecting microliter amounts of a 0.5 M HCl solution. pH is measured using a micro electrode (Mettler-Toledo) and the value of pH is monitored live and manually recorded from the control room via a network camera pointing at the pH-meter located next to the beaker in the experimental hutch. Considering the fast pH change kinetics, the error on the pH value is ± 0.2.

Polarized Light Microscopy (PLM)

PLM experiments are performed with a transmission Zeiss AxioImager A2 POL optical microscope. A drop of the given sample solution is deposited on a slide covered with a cover slip. The microscope is equipped with a polarized light source, crossed polarizers and an AxioCam CCD camera.

Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM experiments are carried out on an FEI Tecnai 120 twin microscope operated at 120 kV and equipped with a Gatan Orius CCD numeric camera. The sample holder is a Gatan Cryoholder (Gatan 626DH, Gatan). Digital Micrograph software is used for image acquisition.

Cryofixation is done using a homemade cryofixation device. The solutions are deposited on a glow-discharged holey carbon coated TEM copper grid (Quantifoil R2/2, Germany). Excess solution is removed and the grid is immediately plunged into liquid ethane at -180°C before transferring them into liquid nitrogen. All grids are kept at liquid nitrogen temperature throughout all experimentation. Images were analyzed using Fiji software, available free of charge at the developer's website. 50 

Results

In recent publications, 41,51 we have explored the complex coacervation between microbial glycolipids and PEC. For this reason, this aspect is only briefly shown here. Cryo-TEM images presented in Figure 2 show the structure of PEC-complexed G-C18:1 complex coacervates above pH 7. Above this value, we expect the G-C18:1 to be negatively charged and PEC positively charged, whereas the apparent pKa of G-C18:1 is expected to be between 6 and 7, similarly to oleic acid, 52 and the pKa of PECs being provided in the materials and methods section. Irrespective of the selected PEC, all systems show spheroidal colloids of variable size in the 100 nm range. One can identify two types of structures, both typical of complex coacervates: 24,25,51,53 dense aggregated structures, shown in Figure 2a,c and very similar to what was found by us 41,51 and others, 24 are attributed to dehydrated, densely-packed, micelles tightly interacting with the polyelectrolyte; a biphasic medium composed of spheroidal, poorlycontrasted, polymer-rich, colloids embedded in a textured, surfactant-rich, medium. The latter were also reported by us 41,51 and others. 53,54 In all cases, Co phase is a PESC forming in the micellar region of the surfactant's phase diagram and having the specificity of a liquid-liquid phase separation, 19,25 compared to other supramicellar PESCs undergoing a solid-liquid phase separation. 19 The difference between dense and poorly-contrasted structures is PEC-independent and it is more related to the stage of coacervation. At an early stage, colloids with a relatively low electron density form and coexist with a rich micellar phase. Free micelles progressively interact with residual polymer chains. At a later, entropy-driven (dehydration and counterion release), 55 stage of coacervation, droplets with a higher electron density massively form.

Unfortunately, neither the texture of the particles nor their internal structure can be easily controlled as they strongly depend on the type of PEC, its stiffness, charge density, stage of coacervation and even kinetics. For these reasons, isolating a specific structure in a Co phase can be challenging and we have ourselves found coexisting dense and poorly-contrasted structures, 41 thus preventing any reasonable structure-composition generalization concerning the images presented in Figure 2. 

a)

wall. 29 Figure 3 also shows a strong packing of the multilamellar walls as well as a strong interconnection between adjacent vesicular objects, in agreement with lipoplexes and other MLWV reported in the literature. 23 The walls are constituted of alternating sandwiched layers composed of tightly packed polyelectrolyte chains and interdigitated monolayers of G-C18:1. 41 d-spacing can be directly estimated from cryo-TEM images (Figure 3e,f) and we find a set of values of d= 33.7 ± 4.95 Å for the PLL system and d= 31.6 ± 3.00 Å, 25.3 ± 4.60 Å and 41.1 ± 0.30 Å respectively for CHL, PAH and PEI systems. Within the error, these values are compatible with interdigitated G-C18:1 layers, [41][42][43] of which the thickness can be estimated to be about 25 Å by applying the Tanford relationship, 56 but also close to what is classically recorded for lipoplexes. 22,23,33 One may note that the multilamellar walls of the PECSs involving PEI (Figure 3d) appear more disordered than for other PESCs. At the moment, we do not have a clear explanation for that and we actually believe it to be an artifact due to freezing, because the full width at half maximum of the corresponding lamellar peak in SAXS experiments is Δq ~2.10 -3 Å -1 , the same value found for the PLL system.

Cryo-TEM images recorded on the Co (Figure 2) and MLWV (Figure 3) phases show that the Co-to-MLWV transition is a general property of G-C18:1 PESCs: it strictly depends on the lipid phase behavior, while the polyelectrolyte only guarantees the cohesion between the lipid membranes. We highlighted elsewhere 41 SAXS profiles presented Figure 4 show two different behaviors of the mixture [G-C18:1

+ PLL]: at basic pH (Figure 4a), a broad correlation peak is observed at about q= 0.17 Å -1 for all lipid:PLL ratios, where the peak can be more pronounced either with concentration (B profile) or lipid:PLL ratio (A profile). SAXS profiles B and C were previously assigned to complex coacervates, and more details on the structure of the Co phase can be found in Ref. 41 .

In similar systems, the slope at low q was shown to be indicative of the shape of the PESC; 40 here, the slope is below -3. If such values are typical of fractal interfaces, 57,58 we cannot unfortunately draw any conclusion on the structure of the complex coacervates, most likely because the Co phase in these systems is heterogeneous. 41 Below pH 7 (Figure 4b), a sharp diffraction peak and its first harmonics are visible respectively around q1= 0.17 Å -1 and q2= 0. All pH-resolved in situ contour plots in Figure 4 show three common features: 1) the Co-to-MLWV transition between pH 8 and 7, where q1 and q2 refer to the first and second order peaks of the lamellar wall; 2) a low-q shift of q1 and q2 when pH decreases to about 4.5, indicating a swelling of the lamellar period, and 3) a loss of the signal between about pH 4.5 and pH 3.5, below which a constant peak at higher q-values (generally around q= 0.2 Å -1 ) appears. These phenomena were quantitatively described in more detail in Ref. 41 and will only be summarized hereafter.

When fully deprotonated at basic pH, G-C18:1 is in a high curvature, micellar, environment (Co phase). This state, represented by the drawing superimposed on Figure 4d, is proven by both cryo-TEM and the broad correlation peak at about q0= 0.17 Å -1 . After crossing the transition pH range between 8 and 7, the number of negative charges decreases and G-C18:1 is entrapped in a low-curvature, interdigitated layer, environment. The continuity between q0 and q1 strongly suggests an isostructural and isodimensional transition between the micelle and membrane configurations, without any loss of the interaction with the polyelectrolyte. This is also sketched on Figure 4d. When the pH is decreased further, the COOH content increases and thus the membrane charge density decreases. The interlamellar distance consequently increases due to the repulsive pressure exerted by the charged polyelectrolyte, which undergoes hydration and increase internal electrostatic repulsion. 2,60,61 When hydrogenation of carboxylate groups reach a certain extent, attractive interaction with PLL can no longer hold the membranes together and MLWV then lose their long-range lamellar order, which results in their complete disruption and the concomitant expulsion of PLL. Below pH 3, this mechanism leads to the precipitation of a polyelectrolyte-free lamellar, L, phase, which is also observed for PEC-free G-C18:1 solutions. 41 A closer look at the experiments in Figure 4 Figure 4c and Figure 4d, respectively recorded at lipid:PLL= 1:1 and 1:2 reveal that the q1 peak of the MLWV phase is observed between pH 8 and 7. At the 1:2 ratio the MLWV phase starts at about pH 8 while at the 1:1 ratio the MLWV phase is only visible at pH below 7. At higher concentrations (C= 10 mg . mL -1 ), but still for a 1:1 ratio, the stability frontier seems to be shifted at pH of about 7.5. 41 Although we do not have enough data to draw a general trend, it is wellknown that the lipid:polyelectrolyte ratio reflects the negative:positive charge ratio and for this reason it has a direct impact on the electroneutrality, thus affecting a number of structural features of PESCs: the wall thickness of the multilamellar structure, 21,62 the PESC morphology and colloidal stability. 19 For instance, order is noticeably improved when the charge ratio approaches 1:1, 63 and micelle-polyelectrolyte complex coacervation can be favored or not. 64 This ratio is particularly crucial to control the properties of the lipoplexes and thus their applications: lipid/DNA ratio was reported to influence both the formation of lipoplexes and the release of DNA 65 and gene transfer activity. 66 Many authors have shown that the lipid:polyelectrolyte ratio actually controls the formation of MLWV structures 19,29,[32][33][34][35] over agglutinated single-wall vesicles, [36][37][38] but in fact it is more likely that a general consensus has not been found, yet, and reality often consists in a mixtures of MLWV and agglutinated vesicles, 39 although many authors do not specify it. One of the reasons that could explain such discrepancy is the parallel influence of several other parameters like the charge density on both the lipid membrane and in the polyelectrolytes, the rigidity of the latter, the bending energy of the lipid membrane, the ionic strength and so on. 14,19 In the present case, it is important to note that: 1) G-C18:1 forms a stable MLWV phase with all PEC tested in this work and of different origin (biobased vs. synthetic) and rigidity. 2) MLWV are stable in the neutral pH range, which can be a good opportunity for applications in the biomedical field, for instance.

An interesting remark concerns the long-range order inside the vesicular multilamellar walls. The width of the lamellar peak around q ~0.2 Å -1 is more than ten times larger for the CHL (Figure 4e, Δq ~3.10 -2 Å -1 ) than the PLL (Figure 4c,d, Δq ~2.10 -3 Å -1 ) system, either suggesting an average smaller size of the lamellar domains or a poorer lamellar order in the case of the MLWV obtained from CHL. The reason behind such difference could be the bulkiness and stiffness of CHL with respect to PLL, 32 but one should recall from Figure 2 and related discussion that [G-C18:1 + CHL] solutions do not form an extensive Co phase. We have already made the hypothesis that the Co phase is necessary to form the MLWV phase, 41 and we will reinforce this assumption in the next part of this work.
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13 The data collected so far show that G-C18:1 interacts with all polyelectrolytes tested in this work and that its micelle-to-vesicle phase transition drives the Co-to-MLWV transition. As one could reasonably expect, and actually confirmed by ITC, 41 strong specific electrostatic interactions, electrostatic n nature, between the positively charged PEC and negatively charged G-C18:1 drive the PESC formation across the entire pH range. To test the solidity of the PESCs synthesis using G-C18:1 and PECs, we employ gelatin, a polyampholyte, as a possible alternative to polyelectrolytes and which could be interesting to prepare biobased PESCs. We use a commercial (Aldrich) source of gelatin type A, a natural protein of isoelectric point between 7.0-9.0, below which the charge becomes positive. Figure 5 shows pH-resolved in situ contour plots of gelatin and [G-C18:1 + gelatin] samples. The control gelatin sample in Figure 5a shows no specific contribution across the entire pH range between 0.1 < q / Å -1 < 0.4.

Interestingly, the [G-C18:1 + gelatin] sample presented in Figure 5b does not show any signal either in the same pH and q range, except for the systematic signal of the lamellar, L, phase of G-C18:1 below pH 4. 41,42 Despite an expected positive charge density of gelatin, the in situ SAXS experiment shows no sign of the Co phase above pH 7, indicating that the charge density is probably too low to interact with negatively charged G-C18:1 micelles. Although somewhat unexpected because interactions with negatively charged sodium dodecyl sulfate micelles across a wide compositional and pH range were reported in other studies, 67 this result is not a surprise. What it is more interesting from a mechanistic point of view is the lack of the MLWV phase below pH 7. Given its isoelectric point, type A gelatin is positively charged below pH 7 and it is then expected to interact with G-C18:1 negative membranes.

In this work we have used a broad set of polyelectrolytes, of which the different chemical nature let us explore various aspects of their interactions with G-C18:1. If the nature of the polyelectrolyte (stiffness, charge density, …) is known to strongly affect the morphology and structure of PESCs, 14,32 in this work we show that: 1) when the Co and MLWV phases are formed, the structure of the corresponding colloidal structures is very similar, whichever the polyelectrolyte used, even if local phenomena like swelling or long-range order may vary from one polyelectrolyte to another.

2) The Co and MLWV phases are only obtained with polyelectrolytes with a net positive charge, that is polycations.

3) The MLWV phase is always preceded by the Co phase, which seems to be a necessary condition to drive the isostructural and isodimensional Co-to-MLWV transition. This phenomenon does not occur when gelatin is employed and where the MLWV phase is not observed. On the contrary, the MLWV phase is obtained for the CHL system, despite the fact that we do not have a proof by SAXS of the Co phase. In this regard, we must outline that the SAXS signal for the [G-C18:1 + CHL] system at basic pH is dominated by the precipitated CHL phase, which we think to be in major amount but not the only phase. Cryo-TEM shows the presence of an unknown fraction of complex coacervates, which we believe to be source of the MLWV phase at pH below 7. We also believe that the higher disorder of the MLWV phase in the [G-C18:1 + CHL] system (broader first order diffraction peak compared to the PLL-derived MLWV in Figure 4e) could be attributed to the smaller fraction of the initial Co phase. In other words, the presence of a less ordered MLWV phase in the CHL system could then the indirect proof that probably a small fraction of the Co phase forms in the CHL system.

Quantitativity and size control

If the synthesis of PESCs involving vesicles and polyelectrolytes, and eventually forming MLWV, has long been addressed in the literature, 37,68,69 very few studies, if none, address the issue of quantitativity in relationship to the mechanism of formation. In particular, the synthesis of MLWV from a continuous isostructural phase transition from a coacervate phase has not been addressed before, because MLWV are generally obtained by mixing vesicles and polyelectrolytes in solution. 19,29,[32][33][34][35]37 If some authors state that the formation of MLWV is driven by the lipid:polyelectrolyte ratio, other authors show that a mix of agglutinated vesicles and MLWV are actually obtained. 38,39 Other procedures could probably be followed to

Published in the Journal of Colloid and Interface Science -DOI: 10.1016/j.jcis.2020.07.021 increase this control when working with pre-formed vesicles, such as the insertion of the polymer into the hydrophobic vesicle bilayer, which was reported in the case of polycations bearing pendant hydrophobic groups. 37,70 However, it was found that such interaction could be accompanied by lateral lipid segregation, highly accelerated transmembrane migration of lipid molecules (polycation-induced flip-flop), incorporation of adsorbed polycations into vesicular membrane as well as aggregation and disruption of vesicles. 70 To evaluate the amount of MLWV with respect to agglutinated vesicles, we compare the sample obtained by continuous Co-to-MLWV phase transition with a sample obtained by the more classical approach consisting in mixing G-C18:1 single-wall vesicles and polyelectrolyte, the main one employed in the literature of MLWV. If SAXS can prove the presence of a multilamellar structure, it cannot be easily employed to quantify and discriminate between the two structures. For this reason, instead of SAXS, we evaluate the content of MLWV between the two methods of preparation by combining cryo-TEM with optical microscopy using crossed polarizers. If cryo-TEM can differentiate between agglutination and MLWV, its high magnification is poorly compatible with good statistics, unless a large number of images are recorded. On the contrary, optical microscopy using cross polarizers is the ideal technique to differentiate, on the hundreds of micron scale, between MLWV and agglutinated vesicles: multilamellar structures (but not single-wall vesicles) show a characteristic maltese cross pattern 71 under crossed polarizers, found both in concentric lamellar emulsions 72 and in spherical lamellar structures. 73 Cryo-TEM of samples obtained from a Co-to-MLWV phase transition was shown in Figure 4 and, as already commented above, they show a massive presence of vesicular structures having multilamellar walls, as also confirmed by the corresponding SAXS data presented in Figure 4. Figure 6 shows two representative microscopy images of a typical sample prepared with the same approach; images are collected under white (a,d) and polarized light with polarizers at 0°-90° (b,e) and 45°-135° (c,f). The system is characterized by a large number of vesicles highly heterogeneous in size but all below ~10 μm. Under polarized light and crossed polarizers, the entire material displays a typical maltese cross colocalized with each vesicle.

Despite the aggregation of the vesicles, also observed with cryo-TEM, maltese crosses are welldefined and nicely separated and each identifying single multilamellar wall vesicles. The entire material displays such a characteristic birefringency, strongly suggesting a quantitative presence of MLWV.

the absence of the MLWV phase. An additional piece of evidence comes from the CHL system, in which the limited amount of the Co phase generates a more disordered MLWV phase.

Combination of the data obtained with gelatin and employing the in situ pH variation with the data obtained by mixing vesicle and polyelectrolyte solutions at a given pH demonstrates the importance of the precursor Co phase during the phase change method in order to obtain a massive presence of MLWV structures. If the Co-to-MLWV phase transition is able to quantitatively produce MLWV, its main drawback is the poor control over their size distribution, as shown both by TEM and optical microscopy. To improve this point, we employed filtration (Figure 8a-c) and sonication (Figure 8d-f), these methods being known to efficiently control vesicles size distribution, 74 but unclear whether or not they have any deleterious impact on the MLWV structure. According to the cryo-TEM data in Figure 8a-c, filtration (pore size, φ= 450 nm) promotes the stabilization of colloidally-stable spherical MLWV, of which the diameter seems to be contained between 50 nm and about 300 nm, in agreement with the filter pore size. Concerning the effect of sonication, Figure 8d-f also shows a large number of spherical, un-aggregated, MLWV colloids, although the diameter appears to be bigger of several hundred nanometers if compared to the filtered sample. The cryo-TEM results are confirmed by intensity-filtered DLS experiments, presented in Figure 8g. The as-prepared sample (black curve) shows a MLWV distribution centered at 716 nm, while the filtered sample shows a distribution centered at 460 nm. To better evaluate the impact of sonication, we tested the influence of sonication time and according to DLS data (Figure 8g) we find that at t= 30' the size distribution is centered at higher diameter values and it is even broader than the as-prepared sample. Applying the same sonication conditions, but over a longer period of time (t= 1' or t= 1'30''), it is possible to reduce the MLWV diameter even if the size distribution is broader than the filtration approach, in agreement with the cryo-TEM data.

These experiments show that control of the size distribution of MLWV is possible using standard methods employed in liposome science without perturbing the multilamellar wall structure. We employ four polyelectrolytes, synthetic and natural and with different characteristics of rigidity and charge density (chitosan, poly-L-Lysine, polyethylene imine, polyallylamine); however, the nature of the polyelectrolyte does not seem to be a relevant parameter concerning the fate of the transition, as otherwise found for most PESCs. This may be explained by the strong proximity between the lipid and the polyelectrolyte throughout the isostructural Co-to-MLWV transition. If the method described in this work does not allow a tight control over the size distribution of MLWV, we also find that the multilamellar wall structure is stable against filtration and sonication, two common methods employed to control the size of vesicles. Last but not least, we show that if we employ the classical approach consisting in mixing pre-formed vesicles with a cationic polyelectrolyte solution at a given pH, we find a much broader structural 

Introduction

Biological amphiphiles, sometimes referred to as biosurfactants, are molecules produced by microorganisms and developed for their high ecosustainable profile. 1 Among the different families of biosurfactants available (glycolipids, lipoproteins or lipopeptides, polymeric), glycolipids are certainly the most relevant one for their high-throughput production process and broadness of applications. In particular, their use in the biomedical field 2 has long been reported, but is mainly focused on the development of antibiotics. 2 In the pharmacological field, there have been spurious reports 3,4 on the anticancer properties of specific microbial glycolipids (e.g., sophorolipids), 5 but these results are still under debate. 6 Biosurfactants-based carriers have been proposed in the past years, 7 but in the best case scenario, the main lipidic vehicle is generally constituted by a classical phospholipid liposome. 8,9 Hence, a better understanding of the effects of biosurfactants on pre-formed bilayer membranes, [10][11][12] thus making the liposomal vector is necessary to obtain more complex particles. In the several cases, the lipid particle formation leads to an uncontrolled structure. 13 The analysis of the self-assembly properties of microbial glycolipids 14,15 has opened the opportunity to conceive phospholipid-free stimuli-responsive complex colloidal structures, only composed of bioamphiphiles. Multilamellar wall vesicles (MLWV), belonging to the family of polyelectrolyte-surfactant complexes (PESC), are interesting colloids, originally employed in gene transfection, 16 for which the stability is generally considered better than single-wall vesicles. In recent reports, we have controlled the attractive electrostatic interactions between microbial C18:1-cis single-glucose lipid (G-C18:1, GC) and poly-L-lysine (PLL) at the micelle-tovesicle phase transition of GC and shown the formation of phospholipid-free, stable, MLWV. 17,18 The multilamellar wall structure is composed of alternating layers of GC and PLL and is prepared from a pH-stimulated phase transition in water around pH 7. 17 Indeed, microbial glycolipids in general, and GC in particular, have a curious asymmetric bolaform structure with a free-standing COOH group, making the molecule pH-sensitive with a more complex phase behavior than classical lipids or surfactants.

Drug delivery systems are engineered technologies which allow the targeting and/or the controlled release of active principles. They overcome several drawbacks related to the systemic administration of free pharmacological molecules such as side effects, drug solubility, stability in biological environment, rapid clearance or non-specific delivery, etc. 19 Thus, the therapeutic index of a pharmacological drug can be improved thanks to drug delivery technologies. These systems are often in the form of a drug carrier, which specifically distributes and protects the active principle from degradation and removal by the reticuloendothelial system (RES). 19 Several examples of such delivery systems have been extensively reported in the literature, which include liposomes, 20 polymers 21 and polymeric micelles, 22 peptide based biomaterials, 23 inorganic nanoparticles, 24 and gels among others. 25 Liposomes are the most common form, investigated as nanocarriers for drug encapsulation. They have a characteristic bilayer assembly mimicking the cellular membrane, are easy-to-prepare and bio-compatible. 20 Despite their benefits, liposomes also face several drawbacks, such as the reticuloendothelial clearance and/or immune response. 26 A similar behavior has been reported for PEGylated constructs with an augmented immune response after several doses. 26 Therefore, there is an emergent and continuous need to discover alternatives for drug delivery strategies to overcome such issues.

In this perspective, it is of particular interest to evaluate engineered MLWV composed of glycolipid biosurfactant and biocompatible polyelectrolyte as a carrier of hydrophobic, as well as hydrophilic, drugs. Both small hydrophilic and hydrophobic drugs have been widely demonstrated that are effective against several diseases, but their therapeutic effect can be limited by the rapid clearance from the systemic circulation or a local site of administration, lipophilicity and therefore lower bioavailability. 27,28 In this study, the drug-loading and targeting potential of MLWV composed of GC and PLL (GCPLL MLWV) is evaluated towards mouse fibroblasts L929, normal human dermal fibroblasts NHDF, macrophages derived THP-1 and human cervical carcinoma HeLa. For this purpose, the encapsulation and mechanism of released curcumin, the active component of Curcuma longa plant, which combines lipophilicity, fluorescence but also anticancer properties, are analyzed. 29,30 In addition GCPLL MLWV carriers are also evaluated to deliver other commercial drugs with different degree of lipophilicity.

Experimental

Materials

Microbial glycolipids G-C18:1 are made of a single β-D-glucose hydrophilic headgroup and a C18 fatty acid tail (monounsaturation in position 9,10). The syntheses of glycolipid G-C18:1 is described in Ref. 31 , where the typical 1 H NMR spectra and HPLC chromatograms are given. The compound used in this work have a molecular purity of more than 95%. Poly-L-lysine (PLL) hydrobromide (M w ≈ 1-5 KDa, pK a ~10-10.5) 32 

Preparation G-C18:1-PLL (GCPLL) multilamellar wall vesicles (MLWVs)

GCPLL MLWVs are prepared according to previous work. 17,18 Stock solutions are prepared by dissolving 5 mg of GC or PLL in 1 mL of DMEM cell culture medium supplemented with 10 % FBS. Both solutions are raised to pH 10 with NaOH 1 M, a step necessary to solubilize GC (micellar phase), and mixed in a 1:1 volume ratio, followed by vortexing. The final concentration of GC and PLL is 2.5 mg/mL. pH is then lowered to 7 with HCl 1 M to trigger MLWVs formation. The solution is slightly cloudy at pH 7, confirming the presence of MLWVs colloids. 17,18 

Encapsulation of curcumin (Cur) in GCPLL (GCPLL-Cur)

After the formation of GCPLL MLWVs in cell culture medium at pH 7 (once the solution becomes cloudy), an aliquot (10 µL) of Cur from 13.5 mM stock solution prepared in absolute ethanol is added to 1 mL of GCPLL solution to reach the final concentration 135 µM. After vortexing, the suspension is centrifuged at 3000 rpm for 5 min to collect a pellet of GCPLL-Cur MLWVs and remove the excess, non-encapsulated, Cur in the supernatant. The pellet is resuspended in fresh cell culture medium by vortexing.

Encapsulation of Doxorubicin, Paclitaxel and Docetaxel

As described for Curcumin in the previous paragraph, an aliquot (10 µL) of drug (Doxorubicin: 1 mg/ml in DMSO; Paclitaxel: 0.1 mg/ml in ethanol; Docetaxel 0.1 mg/ml in ethanol) were added to GCPLL MLWVs following the same protocol of centrifugation and resuspension in fresh cell culture medium by vortexing.

Characterization of the drug loading

The loading capacity (LC %) expressed as a percentage is the ratio: quantity of encapsulated drugs (Cur) over the total amount of the delivery vehicles, in this case the weight of GCPLL MLWVs.

The encapsulation efficiency (EE %) is calculated by dividing the amount of encapsulated drug by the total amount of drug used during the encapsulation process, expressed as a percentage.

Labelling of GCPLL and GCPLL-Cur with rhodamine (GCPLL-Rhod and GCPLL-Rhod-Cur)

Both GCPLL and GCPLL-Cur MLWVs are prepared as described above. To their corresponding solution, an aliquot of 10 µL of 18:1 Liss-Rhod PE in ethanol (4 mg/mL, 3.08 mM) is added to the mixture solution so that the molar GC:rhodamine ratio is 200:1. After vortexing, the solution is centrifuged at 3000 rpm for 5 min and the pink pellet is resuspended in fresh cell culture media. 18:1 Liss-Rhod PE is a standard dye labelling lipid bilayers as its lipid backbone intercalates in the lipid bilayer without any perturbation, when the lipid:dye molar ratio ≥100. 33,34 Small Angle X-Ray Scattering (SAXS) pH-resolved in situ SAXS experiments are performed at room temperature on the Swing beamline at Soleil Synchrotron (Saint-Aubin, France) during the proposal N° 20190961. The beam energy is E= 12 keV and the sample-to-detector (Eiger X 4M) distance is 1.995 m. Silver behenate (d(100) = 58.38 Å) is used as standard to calibrate the q-scale. Raw data collected on the 2D detector are integrated azimuthally using the in-house Foxtrot software, provided at the beamline and so to obtain the typical scattered intensity I(q) profile, with q being the wavevector (𝑞 = (4𝜋 sin 𝜃) /𝜆, where 2θ is the scattering angle and λ is the wavelength). Defective pixels and beam stop shadow are systematically masked before azimuthal integration. Absolute intensity units are determined by measuring the scattering signal of water (I H2O = 0.0163 cm -1 ). SAXS profiles are processed with SasView software, version 3.1.2, available at the developer's website (sasview.org).

The experimental setup is reproduced from the Ref. 17 as follows. The sample solution (V= 1 mL, C GC = C PLL = 2.5 mg/mL) in DMEM and pH ~11 is contained in an external beaker under stirring at room temperature (T= 23 ± 2°C). The solution is continuously flushed through a 1 mm glass capillary using an external peristaltic pump. The pH of the solution in the beaker is changed using an interfaced push syringe, injecting microliter amounts of a 0.5 M HCl solution. pH is measured using a micro electrode (Mettler-Toledo) and the value of pH is monitored live and manually recorded from the control room via a network camera pointing at the pH-meter located next to the beaker in the experimental hutch. Considering the fast pH change kinetics, the error on the pH value is ± 0.5.

Polarized Light Microscopy (PLM)

PLM images are obtained with a transmission Zeiss AxioImager A2 POL optical microscope. A drop of the given sample solution was deposited on a glass slide covered with a cover slip. The microscope is equipped with a polarized light source, crossed polarizers and an AxioCam CCD camera.

H solution nuclear magnetic resonance (NMR)

1 H solution NMR experiments of the various samples are recorded on an AVANCE III Bruker 300 NMR spectrometer using standard pulse programs and a 5 mm 1 H-X BBFO probe. The number of transients is 32 with 7.3 s recycling delay, an acquisition time of 2.73 s, and a receiver gain of 322. Chemical shifts are reported in parts-per-million (δ, ppm) and referenced to the 3-(Trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (TMSP-d 4 ) (Sigma-Aldrich) peak at 0 ppm at 1 mg/mL (5.8 mM). All samples are prepared by the protocol described above. We have employed a 5 mm NMR tube containing 500 μL of solution. This solution is obtained by solubilizing the pellet of MLWVs GCPLL in MeOD. This pellet is obtained by centrifugation during 5 min at 3000 rpm. The signals that have been used for calculations are: δ (PLL) = 2.8 ppm (t) and δ (GC) = 2.25 ppm (t). All experiments were performed under the same conditions. (Figures S2-S5).

Dynamic light scattering (DLS) and Zeta potential measurements

Dynamic light scattering measurements (DLS) DLS experiments are performed using a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd, Worcestershire, UK) equipped with a 4 mW He-Ne laser at a wavelength of 633 nm. Measurements were made at 25 °C with a fixed angle of 90° and three acquisitions per sample.

Cell viability assay

The impact of GCPLL on cell viability is first assessed using the cell line L929 of mouse fibroblasts to determine the optimal dose enabling optimal cell viability. For this purpose, 5x10 4 cells/mL are seeded in wells of a 24 well plate and cultivated for 24 hours. Then, different GCPLL MLWV concentrations up to 0.25 mg/ml are added to the fibroblasts L929. Cells are cultivated with GCPLL for another 24-hour period. Besides, fibroblasts are also cultivated in presence of free G-C18:1, PLL and DMEM impacted by pH changes. L929 fibroblasts cultivated in complete medium are used as control samples.

Cell viability is determined by measuring the metabolic activity using Alamar Blue assay. Basically, GCPLL particles are taken out from the wells and L929 cells are rinsed twice with fresh medium. Then, 300 μL of a resazurin solution at 0.01 % (w/v) in colourless fresh DMEM medium is added to cells and incubated for 4 hours. The supernatant in each well is then collected, diluted with 700 μL of fresh medium, and the absorbance measured at λ = 570 nm and λ = 600 nm. The percentage of resazurin reduction is calculated following the formula provided by the supplier. Cell metabolic activity of the samples is compared to control samples. The arbitrary value 100 % is given to controls.

After determination of the optimal dose, the antiproliferative activity of GCPLL, GCPLL-Cur and Cur is assessed for 3 different human cell lines: Hela, Normal Human Dermal Fibroblasts (NHDF) and macrophage derived THP-1 cells.

HeLa and NHDF are seeded 24 hours prior to the experiment in 24-well plates with a density of 5x10 4 cells/ml and grown under standard conditions (DMEM medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin and 1% Anphotericin B at 37˚C, 5% CO 2 and 90% humidity). Non adherent THP-1 cells are seeded at a density of 4x10 5 cells/mL in wells and incubated for 24 hours with PMA 10 µg/mL in deprived RPMI 1640 medium to differentiate them into adherent macrophage like cells. Then, the cell culture media was replaced by fresh complete RPMI 1640. After 24 hours in culture, the different concentrations of particles are administered to the cells and cells cultured for another 24h. The Alamar Blue colorimetric assay is used for cell viability evaluation for all types of cells as previously described.

Optical fluorescence microscopy

5 x10 4 cells/well are seeded into a 6 well-plate and grown under standard conditions as previously described. After 24 h, solutions of GCPLL and GCPLL-Cur, analogously GCPLL-Rhod and GCPLL-Rhod-Cur are added at the final concentration of 100 g/mL and incubated for another 24 h period. Then, samples are rinsed 3 times with PBS, fixed for 1 hour by adding 1 mL of 4% PFA in PBS. After 3 rinses with PBS, cells are incubated for 15 min in a solution of PBS-Tween at 0.2% to permeabilize them. Then, 300 L/well of DAPI (1/50000) are added and cells incubated for 10 min. Last cells are rinsed 3 times with PBS and kept at 4°C protected from the light until analysis. Cells are observed using a ZEISS fluorescence microscope, equipped with camera AxioCam MRm.

Flow Cytometry Analysis

1x10 5 cells/well are seeded into a 6 well-plate, cultivated for 24 h, then treated with MLWV particles using a concentration of 100 g/mL and incubated for another 24 h. Samples for Facs analysis are obtained by detaching cells with 300 L/well of trypsin for approximately 5 min, and collected within 1 mL of cell culture medium in microfuge tubes. Detached cells are collected in tubes and are centrifuged at 300 g for 5 min. After supernatant removal, the pellet is resuspended in 1 mL of PBS containing 0.5% paraformaldehyde (PFA). Flow Cytometry is performed on a CELESTA SORP flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Acquisition gate is set to record 10 5 events total for each sample.

Confocal laser scanning microscopy

Samples are prepared using the same protocol than that for regular fluorescence microscopy, except cells are cultured in a Thermo Scientific™ Nunc™ Lab-Tek™ II Chamber Slide™ with 2 wells for an optimal visualization.

Analyses are performed in a spinning-disk head X1 (Yokogawa) mounted on a Nikon Eclipse Ti inverted microscope. Cells are observed with a 60x/1.4 Plan Apo objective and a Hamamatsu Orca Flash SCMOS camera.

Results and discussion

GCPLL MLWVs are stable in cell culture medium

Multilamellar wall vesicles only composed of glycolipid biosurfactant GC and polyelectrolyte PLL have been previously reported to form in mQ-grade water below pH ~ 7.5. 17,18 Study of their formation in cell culture medium is then a necessary step to develop carriers for biological applications. A typical cell culture medium contains a wide variety of compounds such as salts, glucose and amino acids, but also proteins coming from the supplemented Fetal Bovine Serum (FBS). Such a physicochemical complexity may alter the charge, composition and/or the pH-range of stability of GCPLL MLWV. This latter is prepared by pH modulation as described elsewhere, 17,18 except for the replacement of water by FBS supplemented DMEM cell culture medium.

SAXS experiments using synchrotron radiation performed during the pH-controlled synthesis process provide the necessary real-time structural information proving the existence of multilamellar structure of the nanocarriers. 17 pH-resolved in situ synchrotron SAXS is then performed on the GCPLL system from alkaline to acidic pH in DMEM and the corresponding contour plot between q= 0.1 and 0.4 A -1 is shown in Figure 1a.

Below pH 8 and approximately until pH ~5, two sharp diffraction peaks correspond to the first (q (001) ) and second (q (002) ) order reflections (q (001) = 0.171 Å -1 , q (002) = 0.341 Å -1 ) of the multillamelar wall vesicles MLWV phase (Figure 1a), evolving during pH decrease. This is in full agreement with our previous observations in water. 17,18 Below pH ~5, a structural gap at q (001) reveals the previously-reported transition between MLWV and a PLL-free lamellar phase composed of GC only, characterized by a peak at q= 0.169 Å -1 . 17 Previously, it was shown that GCPLL MLWVs synthesized in H 2 O are stable at a pH ranging from 4 to ~7.5 (2.5 mg/mL), the exact extreme pH values however depending on experimental conditions, like the GC-to-PLL ratio and possibly the salt content. 17,18 The present experiment shows that the use of DMEM cell culture medium does not influence at all the formation of GCPLL MLWV and it even seems that the domain of pH stability may even be increased to higher pH values (~8) than in pure water (~7.5) (Figure 1a). Variations in the limits of the pH transition are not unexpected and they can be qualitatively explained as follows. GCPLL MLWV are stabilized by attractive electrostatic forces between negatively-charged GC and positively-charged PLL. If both NMR and ITC experiments have shown that most negative charges are compensated by positive charges, 17 the exact amount of both negative and positive charges varies with pH and ionic strength for both GC and PLL. In pure water and absence of added salt, the optimal balance of charges for the MLWV phase starts at pH ~7.5; in DMEM, rich in salt, one expects that the optimal charge balance occurs at higher pH, when part of the higher content of negative charges are counterbalanced by the free cations in solution.

Being multilamellar systems, MLWVs are birefringent under polarized light. 18 Polarized light microscopy (PLM, Figure 1b and Figure S1) images are obtained under white (b1) and polarized light (b2 and b3) with polarizers at 0°-90° and 45°-135° respectively. PLM reveals the presence of vesicular structures displaying optical birefringence in the shape of typical maltese cross, colocalized with the vesicle, in agreement with previous work. 18 PLM thereby confirms both the vesicular shape and multilamellar wall structure of GCPLL colloids in solution. Quantitative 1 H solution NMR, using methanol-d 4 as common solvent, is employed to determine the content of GC and PLL within MLWVs compared to a reference standard TMSPd 4 . 1 H NMR spectra show that GCPLL MLWVs in H 2 O (pH= 5.5) have a molar ratio of molecules consisting of 6.5 % of the initial content of PLL and 70% of the initial content of GC. Otherwise, when GCPLL MLWVs are prepared in DMEM cell culture medium (pH = 7.4), one observes a proportional decrease of both PLL and GC molar ratios, 4 and 45 % respectively (Table 1 and Figures S2-S5). A reduced content of both GC and PLL in DMEM with respect to water samples agrees well with the higher pH at which MLWV formation occurs. As previously measured by SAXS (Figure 1a), MLWVs in DMEM are formed in the pH range 4.5-8, whereas pH 8 constitutes the upper pH limit above which MLWV start to disassemble. It is reasonable to suppose that for pH values close to the limit of pH 8, part of the MLWV have started to disassemble and the composition decreases. This issue could be easily solved by adapting the initial content of GC and PLL, but this was out of the scope of this work. All in all, this structural analysis shows that the GCPLL MLWV prepared as such can be used for biological applications at physiological pH in culture medium. In addition, the final molar ratio GC f /PLL f in H 2 O and DMEM after preparation of MLWV remains practically constant (57 and 60 respectively). The ratio between COOH and NH 2 functional groups, partially reflecting the charge ratio, is given in Table 1 

GCPLL MLWVs less cytotoxic than GC alone

The cytotoxicity of GCPLL MLWVs is not known. This parameter is evaluated in mouse fibroblasts L929 cell line by dilution of the initial 2.5 mg/mL mixture to obtain different concentrations (range from 0 to 1 mg/ml). All the concentrations are referred to as the initial quantity employed in the preparation. As controls, the viability of cells is evaluated after incubation with GC and PLL independently, as well as the medium at the same pH. The latter corresponds to a GC-and PLL-free DMEM medium which has undergone the same pH changes required to prepare GCPLL MLWVs. These results are shown in Figures S6,S7.

PLL and pH medium controls show no significant cytotoxic effect under the studied conditions. On the contrary, GC (Figure S7) has a significant impact on the L929 viability, as only 80 % of the control metabolic activity is measured when C GC = 250 µg/mL is used and dramatically decreases to less than 10% from 500 µg/mL on. Regarding GCPLL MLWVs, a cytotoxic effect is observed from 250 µg/mL as the metabolic activity drops to 60%. From 500 µg/mL, only 20% of cells are alive (Figure S6). However, no significant cytotoxicity is observed with C GCPLL = 100 µg/mL.

According to the 1 H solution NMR analysis (Figure S2-5 and Table S1), about 95 % of free PLL and 50% of free GC are detected in a GCPLL colloidal solution fabricated with DMEM cell culture medium. For this reason, we suspect that most of the cytotoxic effect of the GCPLL solution is associated to free GC molecules. We then develop an alternative strategy to evaluate the cell viability without the presence of extra GC free molecules in solution. GCPLL MLWVs are prepared in DMEM as described previously, 18 but they are centrifuged at 3000 rpm for 5 min, then the supernatant is discarded (thus eliminating the free forms of GC and PLL) and replaced by the same volume of fresh DMEM, prior to their analysis and further use. The GCPLL pellet is resuspended by vortexing and sonicating for few seconds, recovering its initial colloidal stability. 18 The latter is most likely explained by surface charge arguments, an important physicochemical parameter that influences the colloidal stability of the suspensions. The zetapotential of GCPLL MLWVs in cell culture medium is fund to be of -11.9 ± 0.4 mV, meaning that GCPLL MLWVs have a slight negative surface charge, which may prevent aggregation. 35,36 The cell viability measured after incubation with GCPLL MLWVs after centrifugation is presented in Figure S6, now showing no significant cytotoxity of GCPLL MLWVs up to 250 µg/mL in L929 mouse fibroblast cell line, while the as-prepared MLWVs containing free GC exhibits a viability of about 50%. This result confirms that the cytotoxic effect previously found for GCPLL MLWVs is essentially attributable to the free GC in solution. Finally, Figure S7 shows no cytotoxicity associated to the controls, that is PLL and DMEM, the latter undergone with pH changes as described above. The cytotoxicity of GCPLL MLWVs is eventually assessed on several cell lines (blue bars on Figure 2): macrophages derived THP-1, Normal Human Dermal fibroblasts and Hela cells. The concentration range settles within the range contained between 20 and 1000 µg/mL, comparable to other drug delivery systems, such as loaded and blank liposomes. [37][38][39] 

Curcumin is efficiently encapsulated within MLWVs

The multilamellar lipid structure, the stability of GCPLL MLWVs in physiological culture medium and their absence of cytotoxicity make them ideal candidates as phospholipid-free drug delivery system based on biological amphiphiles alone. MLWVs may combine the advantages of drug loading capacity, biodegradability, and biocompatibility based on biosurfactants obtained from microbial source.

Curcumin, the active component of Curcuma longa plant, is a molecule widely used as drug due to its antioxidant, anti-inflammatory and anticancer properties. 29,40 Curcumin is highly lipophilic, with a water-octanol partition coefficient, logP, in the order of 2.6 and a membrane partition constant above 10 4 M -1 . 30 Similarly to other hydrophobic drugs, 41 curcumin has limited applicability due to its poor oral bioavailability, low chemical stability 42 as well as its weak cellular uptake. 29 As a consequence, the accumulation of curcumin is low within the cytoplasm. 43,44 The cell uptake process of curcumin has been reported to penetrate the cell membrane and interact with the lipids of the membrane through H-bonding and hydrophobic interactions. Different strategies could be followed to overcome these limitations, such as the synthesis of curcumin derivatives, 29 or the development of drug delivery systems to enhance the stability and increase its cellular uptake. 45 Therefore, curcumin was chosen as model natural drug to load the GCPLL system with the aim of probing the encapsulation capacity of MLWVs and to show their potential to enhance the therapeutic index of the encapsulated drug curcumin. The process of curcumin (Cur) encapsulation is based on a straightforward and fast mixture and vortexing protocol described in the experimental section. Addition of Cur does not modify the zeta potential of GCPLL-Cur MLWVs, which is -13.2 ± 0.3 mV, thus justifying the colloidal stability after resuspension.

UV-vis absorbance measurements are performed to quantify the Cur encapsulated in GCPLL MLWVs just after fabrication and after 24 hours of incubation in culture medium. (Figure 3a). These experiments involve dissolution of the GCPLL-Cur MLWVs pellet in ethanol, a common solvent for all components. The absorption spectra are superimposable, thereby showing that Cur is stable within the MLWVs aqueous solution over 24 h. In addition, this result shows that Cur is encapsulated in GCPLL in its native form. This can be considered as a crucial advantage compared to free Cur in solution. Indeed, it has been reported that Cur decomposes approximately by 50% in cell culture medium supplemented with 10% serum after 8 hours of incubation. 46 The encapsulated concentration corresponds to 80 µM Cur, and this concentration is calculated using the calibration curve reported in Figure S8.

To exclude coprecipitation and to confirm that Cur is actually colocalized in the GCPLL MLWVs, we perform fluorescence microscopy on a drop of GCPLL-Cur MLWVs solution. GCPLL MLWVs are simultaneously labelled with rhodamine using a rhodamine-modified C18:1 lipid (Liss-Rhod PE), known to intercalate in the glucolipid membrane without interfering with the structure for lipid-to-dye molar ratio above 200. 47 The colocalized fluorescence, red for Liss-Rhod PE and green for Cur as well as the DIC white light for GCPLL confirm the encapsulation of Cur within MLWVs, rather than coprecipitation (Figure 3b). Colocalization of Cur (green) and Liss-Rhod PE (red) is also demonstrated within the cellular compartment, as shown and discussed later.

A key parameter to characterize drug delivery systems is the encapsulation efficiency (EE %), defined in the formula given in Figure 3c. EE % is sensitive to different properties related to each system such as morphology, hydrophobicity, charge of the surface, permeability, the structure of the encapsulated molecule as well as the encapsulation process. 48,49 Taking into account the molar concentration of Cur obtained by UV-Vis (80 µM) and the total loaded Cur (135 µM), one can then calculate the drug loading of this system and finds EE% = 60%. This value is higher than other EE% estimated for other vesicular systems, which show a high variability, ranging from 1 to 68% for vesicles and 6 to 31% for multilamellar vesicles (MLV). 50 The broad spectrum of reported EE % values between unilamellar vesicles (ULVs) and MLVs is commonly explained by the presence of a lumen in ULVs, allowing a higher loading volume of drug compared to the actual lipid content. 50 Despite the structure differences, we have reached comparable EE % in MLVs compared to ULVs.

The loading capacity (LC %, Figure 3c) is defined as the ratio between the amount of Cur encapsulated (30 µg) and the weight of GCPLL system calculated by 1 H NMR (1225 µg). The loading capacity that we obtain for GCPLL-Cur is about 2.5% (Figure 3c). In the present case, the two-step preparation protocol of GCPLL-Cur may explain the low LC % value: considering that MLWVs are already formed when Cur is added, encapsulation may occur only in the outer layers of the MLWVs. The strong discrepancy between LC % and EE % may confirm this hypothesis: the drug is mainly encapsulated in the outer lipid layer of the MLWVs, which would involve a good encapsulation process but a low drug-to-lipid content. Different protocols could probably improve both the EE and LC% of Cur, but this is out of the scope of the present work.

Curcumin is selectively delivered to HeLa cells via a membrane-fusion mechanism

The antiproliferative activity of curcumin loaded MLWVs is explored in three different human cell lines (Figure 2a-c): Normal Dermal Human Fibroblasts (NHDF), cervical carcinoma HeLa cells and THP-1 monocyte-derived macrophages.

HeLa cells are chosen as model to evaluate the GCPLLs as drug carriers to target cancer cells, i.e with high proliferative activities. On the opposite, NHDF are used as model of normal cells with moderate proliferative activities to assess the effect of MLWVs with regards to the multiplication potential. Last, THP1 derived macrophages are used in this study to evaluate the targeting of GCPLL toward cancer cells. Macrophages are members of the reticulo endothelial system (RES) and possess high phagocytic activities to clear particles from the human body.

First of all, free Cur control (yellow bar) has no toxic effect on THP-1 derived macrophages and NHDF and it only slightly reduces cell viability of Hela cells for the 250 µg/mL concentration. Similarly, the GCPLL (blue bar) control has no cytotoxic effect neither on THP-1 derived macrophages nor on NHDF, with a slight reduction in cell viability (>80 %) on the HeLa cells for the 250 µg/mL concentration. Finally, the Curcumin-loaded MLWV system, GCPLL-Cur (green bar), has no effect on the THP-1, for 100 and 250 µg/mL, and NHDF up 100 µg/mL, while a slight cytotoxicity is measured at 250 µg/mL (cell viability at about 75%, Figure 2b). Regarding the HeLa cancer cell line, a dramatic effect (50% cell viability) is observed for GCPLL-Cur at concentration of 250 µg/mL, when compared to Cur (75% cell viability) and GCPLL controls (Figure 2c). It is worth noticing that the cytotoxic effect of GCPLL-Cur is greater than that of free curcumin despite a lower cargo. Indeed, the amount of curcumin introduced in the culture well is 60% of the free curcumin dose because of the encapsulation efficiency is 60%. As the cytotoxic effect of curcumin encapsulated within GCPLL MLWVs is greater in Hela cells compared to NHDF and macrophages, it seems to be positively correlated with the proliferative rate of cells. Indeed, cancer cells such Hela possess a very short doubling time, NHDF have moderate proliferative activities and macrophages derived THP-1 do not proliferate. Liposomal curcumin systems applied in pharmacology, 39 in particular the studies of Huang et al. 51 employed carboxymethyl dextran (CMD) modifiying liposomal curcumin in Hela cells, reporting an IC 50 of 6.6 μM, and in another study by Saengkrit et al. 52 involving curcumin loaded cationic liposomes showed IC 50 in Hela and SiHa cells of 21 μM and 16 μM, respectively. In comparison with our results, we employed 8.1 μM loaded curcumin in MLWVs to reach 50 % cytotoxicity in Hela cells (Figure 2c), which is comparable to CMD IC 50 in Hela cells.

These results put in evidence the remarkable activity of GCPLL-Cur MLWVs towards cancer cell line HeLa, with little cytotoxic effect in both normal cells, i.e fibroblasts and no dividing cells such as macrophages, thus avoiding the potential damage in normal tissue and the clearance by the reticuloendothelial system (RES), which is dedicated for the foreign particles elimination. Cytotoxicity of curcumin encapsulated within GCPLL MLWVs seems to be correlated, on one side, with the proliferative rate of cells, and on the other side, with the encapsulation efficiency. They are highly toxic for cancer cells which possess a high doubling time but not on no dividing cells such as macrophages. To better understand the mechanism of action of the GCPLL-Cur MLWVs on HeLa cells, we couple fluorescence (Figure 4) and confocal microscopy (Figure 5, Figures S9-15) with flow cytometry (Figure 5, Figures S16-18). Figure 4a shows three fluorescence microscopy images, each corresponding to different channels: the nucleus (stained with DAPI, blue), Cur (green) and GCPLL (stained with rhodamine, red). All channels are eventually combined in a fourth image (merge).

Colocalization of curcumin and rhodamine (yellow) in the merge image and presence of green curcumin around the blue nucleus demonstrate the mechanism of cell uptake occurring in Hela cells. GCPLL MLWVs labelled with rhodamine (Liss-Rhod) and loaded with Cur penetrate into the cell membrane and Cur is eventually released within the cytoplasm. At the same time, no red fluorescence signal alone is detected inside the cell, meaning that GCPLL MLWVs fuse with the cell membrane and deliver Cur within the the cytoplasm. A schematic representation of the uptake mechanism is illustrated in Figure 4b.

Figures S9-15 in the supporting information show the fluorescence microscopy images of Hela, NHDF and THP-1 cells with the corresponding images for control, Cur alone (with and without Liss-Rhod), GCPLL (and GCPLL-Rhod) and GCPLL-Cur (and GCPLL-Cur-Rhod). It is worth noticing that fluorescent grains are observed within Hela cells when they are incubated with GCPLL-Cur (Figure S11 and S12, green) and GCPLL-Cur-Rhod (Figure S13, red and overlapped green and red respectively). On the opposite, a blurry and weak green fluorescence is detected when free curcumin is used (Figure S11). This shows an accumulation of curcumin within Hela cells when GCPLL particles are used, thereby evidencing their efficacy to deliver drugs inside the cancer cells. This effect is specific as no granny fluorescence is detected in NHDF or macrophages derived THP-1 (Figure S9, S10, S14, S15).

Confocal microscopy imaging in Figure 5a shows images of Hela, NHDF and THP-1 cells incubated with GCPLL-Cur-Rhod and nucleus stained with DAPI. In addition to Hela cells, both planes yz and zx were included (Figure S19), which confirms the proposed mechanism: GCPLL labelled with rhodamine (red) is localized in the outer part of the cell while Cur (green) is released in the cytoplasm of the HeLa cells (Figure 5a) and it surrounds the nucleus (blue).

Flow cytometry measurements of the three different cell lines tested (THP-1, NHDF, and Hela) are presented in Figure 5b and in the Supporting Information (Figure S16-18) and they evidence different uptake quantities of the MLWVs by measuring the intensity of rhodamine in cells. The results demonstrate that HeLa cells have the highest percentage of rhodamine labelling (41% for GCPLL-Rhod and 50% for GCPLL-Rhod-Cur), which explains the higher uptake, and therefore higher cytotoxicity, compared to both THP-1 and NHDF, which respectively show a rhodamine signal of 20% and 34% for GCPLL-Rhod-Cur.

The lipid-based particles can be uptaken by the cells following different cellular mechanisms. Nanoparticles ranging from 50-100 nm can be engulfed by endocytosis, those less than 400 nm by micropinocytosis and micrometric particles can enter the cells by phagocytosis. 53 The latter phenomenon is dedicated to immune cells of the reticuloendothelial system such as macrophages and neutrophils. The curcumin loaded MLWVs are poorly engulfed by macrophages, thereby showing phagocytosis is not involved in the intracellular delivery of curcumin. The MLWVs population is quite polydisperse ranging from 10 nm up to 10 µm. A fraction of particles could be uptaken by macropinocytosis. However, no rhodamine fluorescence, evidencing the presence of micropinocytosis vesicles, is observed within the cellular cytoplasma of NHDF and Hela cells. Hence, the major mechanism of curcumin delivery seems to be based on MLWVs fuse with the cell membrane. This fusion is much easier in dividing cells as their lipid membrane is more fluid and favors MLWVs interaction. Particle interaction with dividing cells does not seem to depend on the cell doubling time as Hela and NHDF exhibit the same quantity of cells labeled with rhodamine, as quantified by FACS (Figure 5b). However, the quantity of curcumin delivered within Hela cells is much larger than that in normal fibroblasts (Figure 5a). Hence the process of fusion is favored by the proliferative activities of cells, which is an asset to target and kill cancer cells. Curcumin toxicity has been improved by its encapsulation in GCPLL MLWVs compared to the free form despite a smaller quantity as the loading efficiency does not exceed 60%.

In addition to FACS and fluorescence microscopy, cell viability results correlate to the higher fluorescence detected of the uptaken Curcumin in Hela cells than in NHDF (Figure 5a), demonstrating a higher toxicity in Hela cells than in NHDF cells (Figure 2). In order to extend the encapsulation feasibility of this MLWV system with a wider variety of drugs which display different hydrophobicities, we screened the GCPLL encapsulation and cell cytotoxicity of Doxorubicin (logP = 1.41), 54 Paclitaxel (logP = 3) 55 and Docetaxel (logP = 2.4) 56 in Hela and NHDF cells (Table 2).

Results demonstrated the possibility to exploit the MLWVs with other encapsulated small molecules which provoked a higher cytotoxic effect preferentially over Hela cells than in NHDF for all drug types tested. In the case on Doxorubicin (Dox), there is a great decrease in viability reaching 26.8±1.6% at 250 µg/mL GCPLL-Dox, compared to empty GCPLL 89±3% in Hela cells, while in NHDF cells there is a slighter decrease in viability being 69.2±0.9% at 250 µg/mL GCPLL-Dox. For Paclitaxel and Docetaxel, both GCPLL loaded systems at 250 µg/mL showed a cell viability higher than 65% in NHDF cells. On the contrary, in Hela cells the effect is again increased compared with analogous NHDF experiments. GCPLL-Pac at 250 µg/mL is 59.3±0.5% and GCPLL-Doc at 250 µg/mL is 44 

Conclusions

In this study, stable GCPLL particles have been synthesized in cell culture medium. GCPLL particles exhibit a multilamellar anisotropic structure (MLWVs) at physiological pH observed by in-situ SAXS measurements and polarized light microscopy. With the aim of evaluating GCPLL as novel drug delivery system, curcumin, used as lipohilic drug model have been efficiently encapsulated within GCPLL. Curcumin loaded GCPLL shows a greater therapeutic effect towards cancer Hela cells compared to free curcumin. In addition, this cytotoxic impact is exclusive to cancer cells, as no significant effect is observed on normal human dermal fibroblasts NHDF and THP-1 derived macrophages. This suggests that GCPLL-Cur MLWVs would avoid side effects. In addition, this system would increase the circulation time of therapeutic drugs in the bloodstream since GCPLL are not engulfed by macrophages, cells in charge of the clearance of foreign particles in vivo. Taken together, these results demonstrate the novel use of biosurfactant based MLWVs assemblies, in particular the GCPLL MLWVs, what opens an alternative composition of drug delivery systems. 
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Introduction

Classical hydrogels are of great interest for biomedical applications, despite they may suffer from drawbacks such as weak and static mechanical properties or difficulties to perfectly replicate all the aspects of the cellular microenvironment. These points can be challenged through the incorporation of a second network, resulting in the formation of interpenetra ting polymer network (IPN) hydrogels. Advantages of incorporating secondary networks into traditional biopolymer-based hydrogels include mechanical reinforcement, ability to respond to external stimuli or tuning cell-material interactions.

Biopolymer-based hydrogels can result either from the leverage of their native intermolecular interactions or from chemical cross-linking. They have the advantage to benefit from the inherent properties of biopolymers, especially their bioactivity, degradability and biocompatibility. Despite their promising profile, biopolymers generally have weaker mechanical properties, wider distributions in molecular weights, undefined chemica l compositions and eventual immune response due to its sourcing than classical petro-derived polymers.

Several reasons may explain the lack of mechanical strength in hydrated single network (SN) biopolymer hydrogels. The main ones are heterogeneous distributions of crosslinking sites, varying molecular weights between crosslinks and the lack of stress dissipation mechanis ms to prevent crack propagation. 1,2 Increasing the polymer concentration and/or the crosslink ing density can efficiently improve the mechanical properties of SN biopolymer hydrogels, but present however major drawbacks : these approaches can inhibit nutrient transport or adversely affect cell mechano-transduction and finally disturb the cellular behavior. Mechanica l reinforcement through interpenetrating network has progressively been favored to address these issues, since the first report by the Gong laboratory on the fabrication of double network hydrogels (DN), a special class of IPN formed by sequential polymerization of each network. 1,3,4 Many multicomponent systems have been developed ever since and related studies highlighted some main trends/conclusions, especially concerning the importance of the components choice. Indeed, storage modulus of the final system depends on the combinatio n of selected gelators. 5 A hybrid gel can be composed of two polymers but also of a polymer and other self-assemb led phases expected to provide their functionality, such as micelles, fibers or vesicles. These latter are useful for encapsulation and release purposes, as illustrated by the work of Dowling et al.

who efficiently encapsulated calcein in NaOA vesicles loaded gelatin hydrogel and control is release. 6 [CaCl2] : [G-C18:1]= 1 : 1.3 molar ratio. The final solution is stirred and a gel is obtained after resting a few hours at room temperature.

{F}G-C18:1/chitosan gels. The pH of a 1 mL of the acidic chitosan stock acidic solution is increased above about 8. Typically, for 1 mL, one adds 5-10µL of a 5 M or 1 M NaOH solution.

The solution, initially viscous, is vigorously stirred and vortexed to obtain a heterogeneous gel. Table 1 summarizes the reference, sample and stock solution concentrations in wt% employed throughout this study. 

Small angle X-ray scattering (SAXS)

SAXS experiments are performed at 25 °C at the Swing beamline at the Soleil synchrotron facility (Saint-Aubain, France). Samples have been analyzed during the run N° 20201747 using a beam at 12.00 keV and a sample-to-detector distance of 2.00 m. Samples are prepared ex situ, pushed through a 1 mm quartz tube with a 1 mL syringe and analyzed directly by setting them in front of the X-ray beam. The signal of the same quartz tube containing water is subtracted as background. The quartz tubes are rinsed with water and ethanol after each use.

The signal of the Pilatus 1M 2D detector (172 x 172 mm pixel size), used to record the data, is integrated azimuthally with PyFAI to obtain the I(q) vs. q spectrum (q= 4π sin θ/λ, where 2θ is the scattering angle) after masking systematically wrong pixels and the beam stop shadow.

Silver behenate (d(001) = 58.38 Å) is used as SAXS standards to calibrate the q-scale. Data are not scaled to absolute intensity.

Rheo-SAXS

Experiments coupling rheology and SAXS are performed at the SWING beamline of the Soleil synchrotron facility (Saint-Aubin, France) during the run N° 20200532, using a beam energy of 12.00 keV and a sample-to-detector distance of 1.65 m. Tetradecanol (d(001) = 39.77 Å) is used as the q-calibration standard. The signal of the Pilatus 1 M 2D detector (172 x 172 mm pixel size) is integrated azimuthally with Foxtrot software to obtain the I(q) spectrum (q =4π sin θ/λ, where 2θ is the scattering angle) after masking systematically defective pixels and the beam stop shadow. A MCR 501 rheometer (Anton Paar, Graz, Austria) equipped with a SAXS is employed to draw a clearer picture of hybrid hydrogel's structure, in comparison to the single components. Figure 2b presents the typical SAXS profile of {F}G-C18:1 fibrillar hydrogels (purple), showing the characteristic low-q slope with a -2 dependency and a crystalline structure within the fiber network, 20 and gelatin (green), classical for polymers in a good solvent. 21 The experimental SAXS signal of the hybrid gel (red) is in very good agreement with the arithmetic sum of each individual's SAXS profile (Figure 2c), which is rather a proof of interpenetration of SAFiN and polymer networks, but not a mutual interactio n. This is in agreement with our previous work, showing no interactions between G-C18:1 and gelatin solutions in a broad pH range. 11 It is not surprising that alginate/micelle and alginate/vesicle hybrid samples are liquid solutions, alginate being known to form gels only in the presence of calcium. [22][23][24][25] Simultaneo us responsivity to Ca 2+ ions for both alginate and G-C18:1 make this sample particula r ly interesting. The G-C18:1/alginate system involves two partners, both containing carboxylic acid groups, and of which gelation is triggered by calcium, thus creating a competition. -12 -calcium required to gel them demonstrates a cooperative effect between alginate and {F}G-C18:1, as also reported above for gelatin. Further experiments however show that a threshold calcium concentration should not be exceeded to obtain a homogeneous gel (data not shown).

This mechanism is supported by microcalorimetry data: a colleague (A. Poirier) reported the binding enthalpy between G-C18 :1 and Ca 2+ to be lower than 4 kJ/mol, the enthalpy of binding between alginate and Ca 2+ reported in the literature. 22 This result is indeed in favor of a preferential binding of calcium to G-C18 :1, in agreement with our observations, but is however to be used with caution (we identified a strong signal due to calcium in the buffer solution we used for instance) and further experiments are on going.

Figure 4a-c presents the structural characterization of alginate glucolipid hydrogels studied by SAXS. As similarly commented for gelatin, the SAXS profiles of {F}G-C18:1 and alginate alone (Figure 4a) are respectively typical of fibers 20 and polymer in a good solvent. 21 The signature of the fibrillar phase (purple stars) is on the contrary very similar to the SAXS of the hybrid gel (red squares), the latter being close enough to the arithmetic sum of the alginate and {F}G-C18:1 SAXS profiles (Figure 4b), and reasonably suggesting interpenetra tio n between the SAFiN and polymer chains. Hybrid {F}G-C18:1/chitosan gels Chitosan is a biopolymer, which is able to form a hydrogel above its pKa. Each G-C18:1 phase, micellar, vesicular and fibrillar is combined with a chitosan gel, prepared by manual increase of the pH. Figure 5 shows that G" > G' when chitosan is mixed with vesicles, meaning that these latter do not provide any elastic properties to the system. In the case of a micellar solution, the viscous chitosan sample does easily mix with the fluid micellar solution and the hybrid sample is too heterogeneous to measure reliable elastic properties. However, when calcium is added to the latter micellar/chitosan solution, the sample immediately forms a gel, more homogenous by the eye. The hybrid gel exhibits enhanced mechanical properties. presence and confirming its important role in the formation of the hybrid scaffold, while Figure 7 shows the good matching between the {F}G-C18:1 and {F}G-C18:1 + chitosan SAXS patterns, indicating the orthogonality between the two networks. Figure 6c presents the rheo-SAXS experiment associated to the step strain experiment performed on the hybrid gel: about 85% of the initial elastic properties are recovered within 30 s after releasing 100% strain over three cycles of the experiment. The superimposed SAXS data in Figure 6d, collected after each step-strain cycle, show that, similarly to alginate and gelatin-based hybrid gels, the structure is not affected (a, b and c profiles correspond to a, b and c arrows on Figure 6c).
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Introduction

Classical hydrogels commonly suffer from limited mechanical strength and undergo permanent breakage. The lack of desired dynamic and structural complexity within the hydrogels are other drawbacks limiting their functions. Advanced engineering of parameters such as mechanics and spatially/temporally controlled release of (bio)active moieties, as well as manipulation of multiscale shape, structure, and architecture, could significantly widen the applications of hydrogels.

One strategy increasingly employed to address such challenges is the incorporation of a second polymeric network, resulting in IPN hydrogels displaying both networks' properties. 1 Smart IPN hydrogels can be categorized based on the stimuli driving hydrogel properties :

temperature-responsive, glucose-responsive, pH-responsive, magnetically-respons ive, enzyme-responsive, light-responsive, mechanically-responsive or multistimuli-responsive IPN hydrogels. In IPN literature, some examples of stimuli-responsive systems are reported. Among response to a wide range of stimuli, pH-responsiveness has attracted increasing interest due to practical purposes: indeed, it can be readily adapted to various tissues (e.g., tumor microenvironment, gastric fluid, colon), where the IPN hydrogel is designed to release locally a bioactive component based on the acido-basic conditions of the tissue targeted. For example, to deal with chronic wound dressings, chemically crosslinked PEG diacrylate (PEGDA) and acrylic acid networks within alginate hydrogels with pH modulation garantee to the hydrogel an essential high swelling capacity to absorb the secreted exudates. 2 Temperature is another stimuli widely studied. Reversible bound of growth factors such as vascular endothelial growth factor (VEGF) and bone morphogenetic protein 2 (BMP-2) to the hydrogel was for example achieved upon incorporation of heparin into thermoresponsive star poly(ethylene glycol) (PEG)-heparin/(PNIPAAm) IPN hydrogels with benefit from PNIPAAm temperaturedependant behavior. 3 The development of multifunctional hydrogels able to respond to multip le stimuli remains challenging. To achieve this, IPN hydrogels can be designed based on multip le « smart » networks, each of them being sensitive to a different stimulus. Some temperature/pH dual responsive systems already exist and exhibit an efficient additional control over the delivery of therapeutic drugs and proteins. 4,5 It is possible to go further by mixing a polymer hydrogel with self-assembled systems, especially fibrillar phases. 6 Many advantages are reported, but stimuli-responsivity remains however poorly explored in literature.

-3 -This work aims at synthetizing and characterizing an IPN-like hydrogel, whereas one polymer ic component is constituted by a biopolymer (gelatin, chitosan HMW, alginate…) but where the second polymer is substituted by a self-assembled biosurfactant. The role of the biopolymer is then essentially to generate a mechanically strong scaffold, the properties of which may be stimuli-dependent (pH, ion, T). The impact of the known phases of the biosurfactants on the biopolymer hydrogels will then be evaluated. The interesting aspect of this approach is that the phase behavior of the surfactant can also be externally triggered, in principle modifying the properties of the hybrid network. One should also note that the stimuli may not be the same for the biosurfactant and the biopolymer, thus making the hybrid system potentially responsive to a multitude of stimuli at once.

To study the dynamics of hybrid polymer amphiphile networks, we employ a system which undergoes phase transitions upon application of external stimuli, like pH or temperature. G-C18:1 is a microbial surfactant obtained by fermentation of the yeast S. Bombicola. It is made of a single β-D-glucose hydrophilic headgroup and a C18:1 fatty acid tail. From alkaline to acidic pH, the former undergoes a micelle-to-vesicle phase transition. [7][8][9] Its interactions with biopolymers in dilute conditions were recently investigated and an astonishing coacervate-tomultilamellar walls vesicles was evidenced. 10,11 We explore the effect of fiber-to-micelles and fiber-to-vesicle phase transitions on the elastic properties of biopolymers, gelatin, chitosan and alginate. Gelatin is derived from the denaturation of collagen and it undergoes a gel-to-sol transition above 30°C. 12 Alginates are naturally derived polysaccharide block copolymers composed of β-Dmannuronic acid monomers (M-blocks), α-Lguluronic acid (G-blocks) and regions of interspersed M and G units, forming hydrogels upon addition of a calcium source. 13,14 Chitosan results from the deacetylation of chitin, the second most widespread natural polysaccharide. Both the biobased amphiphile and biopolymers are biocompatible and have either established or potential interest in biomedical applications, like tissue engineering or wound healing.

In a parent article, we report the improved mechanical properties of gelatin, alginate or chitosan hydrogels in the presence of self-assembled fibers composed of G-C18:1. The present work reveals another aspect of these hybrid interpenetrated hydrogels: the impact of the fiber-tomicelle (vesicle) transition of G-C18:1 within the hybrid network. This work thus joins an increasing literature reporting LMWG remaining pH-responsive within a polymeric network which guarantees integrity of the gel. 15,16 This latter may have an influence on LMWG assembly kinetics and morphology. 17 Table 1 summarizes the reference, sample and stock solution concentrations in wt% employed throughout this study. The elastic properties of the hybrid {F}G-C18:1/gelatin hydrogel dramatically decrease to ~5 Pa during acidification at pH 7, below which the gel becomes a liquid, characterized by a loss modulus higher than the storage modulus (Figure 1a). Evolution of the mechanica l properties of control gelatin gels are not as significant and are given in Figure S 1a. Figure 1b shows the concomitant SAXS signature, identifying the structural features of the gels. SAXS highlights a decrease in intensity of the peaks at q= 0.25 Å -1 and q= 0.31 Å -1 , both characteristics of the crystalline structure of {F}G-C18:1 fibers 18 visible at pH 10 and progressive ly disappearing at more acidic pH, suggesting a structural perturbation of the system around pH ≈7. The SAXS profile at pH 6.47 (Figure 1b) is typical of elongated micelles in solution, as expected for this compound in the pH transition region between 7 and 6, 7 thus suggesting that the change in physical properties of the gel recorded by SAXS are explained by a fiber-tomicelle phase transition of {F}G-C18:1. After addition of GDL to the hybrid {F}G-C18:1/alginate hydrogels, the mechanica l properties decrease with pH, but not more than one order of magnitude. Differently than to the case of gelatin described above, the {F}G-C18:1/alginate systems remains a gel on the whole pH range (the storage modulus is above the loss modulus). This result is similar to the alginate control hydrogels, which have comparable mechanical properties at pH 6 and 8 (Figure S 1b).

From a structural point of view, Figure 2b shows that the peaks (q= 0.25 and 0.31 Å -1 ) at pH 10, typical of the fiber phase of {F}G-C18:1, progressively disappear in favor of a lamellar phase at acidic pH, 10 meaning that the G-C18:1 self-assembled structure undergoes a significa nt change. This is well-illustrated by the pH-dependent 2D contour plot associated to the full rheo-SAXS experiment (2D SAXS panel superposed to its synchronized G'(pH) profile), which nicely shows that the fiber (pH> ~7) to lamellar (pH< ~6.5) phase transition occurs at the same time as partial loss in elastic properties of the hybrid {F}G-C18:1/alginate hydrogels. However, all in all, the loss in the structural and elastic properties of {F}G-C18:1 does not have as much Hybrid {F}G-C18:1/chitosan hydrogels undergo a GDL-induced variation of pH and the mechanical properties of the gel are monitored by rheo-SAXS, as well (Figure 3a). When pH is in the order of 8, the G' has already lost one order of magnitude, while at pH below 6, the gel has lost its properties and forms a viscous solution. This behavior is intermediate between the hybrid gels involving gelatin and alginate, which become viscous or remain a gel, respectively. According to the control experiment in Figure S 1c and to its known solubility at pH below its pKa (6.5), chitosan is expected to loose its elastic properties below pH 6. However, the strong loss in G' between pH 10 and pH 7, above its pKa, also indicates that the pH-induced phase transition of {F}G-C18:1 at pH 8. On the basis of the experiments performed on the Figure 4d provides the SAXS profiles associated to the gels at 25°C (a), 50°C (b) and 25°C after cooling (c). The SAXS profiles acquired at different temperatures are perfectly superimposed, showing that the structure of the gel is not sensitive to temperature at least up to about 50°C, which can be quite surprising considering the low Tm of the oleic acid moiety of G-C18:1. However, dynamic scanning calorimetry experiments show that the Tm of {F}G-C18:1 is rather in the range of 70°C. 18 Considering our previous work, 8 {F}G-C18:1 hydrogels undergo a fiber-to-micelle phase transition just above 50°C, although the elastic properties start to decrease in the order of 50°C, probably due to a disentanglement mechanism. Concerning the properties of hybrid {F}G-C18:1/chitosan gels against temperature, results are quite similar to the ones of alginate : Figure 6a shows that the hybrid {F}G-C18:1/chitosan gel does not have any obvious temperature-responsive property, as also found for the chitosan gel control (Figure S 2b). In this case, chitosan strengthens the hybrid gel. The SAXS profiles given in Figure 6b demonstrate that, as for the other biopolymers tested, temperature is not a parameter governing the gel structure, at least not up to 50°C.
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 2 Figure 2 -Summary of the state of charge (+ : positive; -: negative; N : neutral) of gelatin, chitosan and alginate in functi on of pH
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 21 also exist and deserve consideration. MELs are commonly further divided into four sub-compounds (MEL-A, MEL-B, MEL-C and MEL-D) discriminated by different acetylation degrees (21A-D, R 1 =H, Ac; R 2 = H, Ac).
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 3 Figure 3 -Chemical structure of the main biosurfactant molecules (reproduced from ref.83)

  glucolipids (C18:1-cis) pH>7, Ca 2+ 126 It worthes adding some comments about the different phases presented.
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 4 Figure 4 -pH-dependent phase transitions for nonacetylated acidic C18:1-cis (1), C18:0 sophoro (13) and glucolipids (10) 121 , adapted from our review 83 0.4.3. Macroscale properties and possible applications of self-assembled biosurfactants
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 5 Figure 5 -a) Comparison of frequency-dependent G´, G´´ between fibrillar and lamellar hydrogels respectively obtained from C18:0 sophoro and glucolipids at acidic pH. 157,160,165 b) Comparison of the axial compression applied to solid foams prepared from fibrillar and lamellar hydrogels using the ice-templating process. 165 Image adapted from cited references.
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 7 Figure 7 -a) pH-dependent turibidimetric profile and b) Cryo-TEM images (top: pH 5.94, bottom: pH 6.33) of acidic C18:1-cis sophorolipid(1)-chitosan complex coacervates (Reproduced from ref. 187 with permission of The Royal Society of Chemistry
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 8 Figure 8 -Chemical structures of glycolipids employed: SL-C18:0 (left) and G-C18:1 (right) (pH-dependnat COOH/COO - group)

Figure 9 -

 9 Figure 9 -Phase diagrams in function of pH of SL-C18:0 (upper part) and G-C18:1 (lower part) in water and at room temperature (0.5wt%) 121

Figure 10 -

 10 Figure 10 -Chemical structures of polyelectrolytes and biopolymers employed

Figure 11 -

 11 Figure 11 -Schematic representation of the state of charge of surfactant and PEC systems commonly used (top)we used (bottom) 1.2 Experimental methods

  presents the results of Be n Messaoud et al.: 212

Figure 12 -

 12 Figure 12 -Turbidity (100 -%T) as a function of pH for a SL-PAA mixture. [SL] = 5 mg mL -1 ; [PAA] = 0.75 mg mL-1. R s tands for Region. (Reproduced from ref.212)

Figure 13 -

 13 Figure 13 -Turbidimetric profiles of a) SL-C18:0 and b) G-C18:1 alone (2.5 mg.mL -1 , red profile), or in combination with different concentrations of PLL (2.5 mg.mL -1 : blue profile, 1.25 mg.mL -1 : yellow profile, 0.625 mg.mL -1 : green profile). Profiles c and d respectively show the absorbance of SL-C18:0 and G-C18:1 with the different polyelectrolytes tested.

Figure 14 -

 14 Figure 14-DLS curve of SL-C18:0 and SL-C18:0 + PAA mixture upon decreasing pH. Size of [SL-C18:0 + PAA] structure increases upon decreasing the pH and polydispersity remains l ow. Size and polydispersity both increase upon further lowering of the pH. Polydispersity i s the hi ghe st around pH 7.5, a transition area characterized by reorganization/dissociation of the SL-C18:0. 125 At lower pH, correlation is no longer satisfying and [SL-C18:0 + PAA] structure does not exhibit any signal. Coming to the [G-C18:1 + PAA] system, the particle size distributions of both G-C18:1 and [G-C18:1 + PAA] are perfectly superimposed, as shown by Figure 15 and centered around 350 nm at pH 12.80, with a good polydispersity of 0.1, suggesting that free micelles coexist with PAA. Upon decreasing the pH, the signal of [G-C18:1 + PAA] does not significantly change, the peak appears a bit larger and flatten, suggesting an inhomogeneous distribution.

Figure 15 -

 15 Figure 15 -DLS curve of G-C18:1 and G-C18:1 + PAA mixture mixture upon decreasing pH.

[Figure 16 -Figure 17 -

 1617 Figure 16 -Cryo-TEM pictures and SAXS profiles of [SL-C18:0+PEC] at basic (top) and acidic (bottom) pH. Cryo-TEM pictures of [SL-C18:0+PEI] and SAXS profiles of [SL-C18:0+PAA] are missing.

Figure 18 -

 18 Figure 18 -SAXS profiles of G-C18:1, and G-C18:1-chitosan HMW mixture at pH 8 (left profile) and pH 5.5 (right profile)

Figure 20 -

 20 Figure 20 -SAXS profiles of G-C18:1, alginate, and G-C18:1-alginate mixture at pH 8 (left profile) and pH 5.5 (right profile) (artificial offset performed)

Figure 21 -

 21 Figure 21 -SAXS profiles of G-C18:1, gelatin, and G-C18:1-gelatin mixture at pH 8 (left profile) and pH 5.5 (right profile)

  .1 Introduction ..................................................................................... 2.2 Stability of MLWVs in cell culture medium ......................................... 2.3 Control over the size and dispersity of MLWVs ................................... 2.4 Encapsulation of a model hydrophobic drug.......................................

Figure 22 -

 22 Figure 22 -The strategy employed to obtain multilamellar vesicles from biosurfactants: pH-induced phase transition from complex coacervates to MLWV

Figure 23 -

 23 Figure23 -SAXS profile of GC18:1 + PLL in DMEM (2.5 mg.mL-1 ) and in water (10 mg.mL -1 ) at pH 7 (pH decreasedfrom 10) 

Figure 24 -

 24 Figure 24 -Size of non-treated (NT) and filtered G-C18:1-PLL MLWVs in water and DMEM (left) ; Size of non-treated and ultrasounds (US) treated G-C18:1-PLL MLWVs in DMEM (right)

Figure 25 -

 25 Figure 25 -Curcuma rhizome cross section, commercial curcuminoid powder (Curcuma longa) and chemical structure (Adapted and reproduced from ref. 254 )
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Figure 26 -

 26 Figure 26 -Cross-linking of hydrogels. (A to D) Physical cross-linking. (A) Thermally induced entanglement of polymer chains. (B) Molecular self-assembly. (C) Ionic gelation. (D) Electrostatic interaction. (E) Chemical cross-linking ( Reproduced from ref.279)

Figure 28 -

 28 Figure 28 -Rheological experiments performed on a {F}G-C18 :1 (2wt%, pH 8) gel in function of frequency (left) and shear stress (right) to determine the linear domain for further experiments in function of time.

Figure 29 Figure 30 -

 2930 Figure 29 -G-C18:1 micelles loaded gelatin gel (left) -Loss and storage modulus in function of time of gelatin (2 wt%, yel l ow triangles) and G-C18:1 (2 wt%) micelles loaded gelatin (2 wt%) gel (purple diamonds)Macroscopically, a micelles loaded gelatin gel (Figure29, left) looks very close to a pure ge l ati n ge l . This qualitative result is supported by quantitative rheology experiments. The influence of mi ce ll es insertion on gelatin's mechanical properties is shown by Figure29, right: storage modulus al though undergoing a decrease from about 50 Pa to 30 Pa, is still quite comparable with the G' of gelatin only. The qualitative structural study is performed by SAXS. Related SAXS profiles are gi ve n i n Fi gure 30: the red profile of {M}G-C18:1 is the one expected from micelles 121 while the yellow one of ge l atin i s typical of a polymer chain in an good solvent. The blue profile probes the sample constituted by the mixture of {M}G-C18:1 and gelatin. This profile is superimposable to the arithmetical sum of re d and yellow profiles, which confirms the absence of interactions and coexistence of two networks.

Figure 31 -

 31 Figure 31 -Gelatin (5wt%) gel, {V}G-C18:1 (0.5 wt%) solution and {V}G-C18:1 (0.5 wt%)-loaded gelatin (5 wt%) gel (left) -Loss and storage modulus in function of time of gelatin (2 wt%, yellow triangles) and {V}G-C18:1 (2 wt%)/gelatin (2 wt%) ge l (purple diamonds) (right)

Figure 32 -

 32 Figure 32 -SAXS profiles of {V}G-C18:1 (2 wt%), gelatin (2 wt%) and {V}G-C18:1/gelatin (2-2 wt%) mixture at pH 6

Figure 33 -

 33 Figure 33 -Gel of {F}G-C18:1 (left) -Loss and storage modulus in function of time of {F}G-C18:1 (2 wt% + 33.5 mM CaCl2, re d squares), gelatin (2 wt% + 33.5 mM CaCl2, yellow triangles) and {F}G-C18:1 (2 wt%, 33.5 mM CaCl2) + gelatin (2 wt%)(purpl e diamonds) (right)

Figure 34 -

 34 Figure 34 -SAXS profiles of {F]G-C18 :1 (2 wt%), gelatin (2 wt% + 33.5 mM CaCl2) and {F}G-C18:/gelatin (2-2 wt%) mixture at pH 8

Figure 35 -

 35 Figure 35 -Mechanical properties in function of gelatin concentration for a fixed {F}G -C18:1 concentration

Figure 36 -

 36 Figure 36 -Summary of storage and loss modulus of {M}G-C18/gelatin (2-2wt%, black squares), {V}G-C18:1-/ gelatin (2-2wt%, red squares) and {F}G-C18:1/gelatin gels (2-2wt%, purple squares) -Control G' of gelatin (2 wt%, pH 8) and {F]G-C18:1 (2 wt%, pH 8) are respectively reminded by orange and green lines.

Figure 37 -

 37 Figure 37 -Loss and storage modulus of {F}G-C18:1 + gelatin gels in function of calcium addition rate.

Figure 38 -

 38 Figure 38 -Loss and storage modulus of {F}G-C18 :1/gelatin gels obtained using different sources of calcium, e.g. different counterions.

Figure 39 -

 39 Figure 39 -Effect of calcium on collagen (0.27 wt%, pH 8 -red squares; 0.27 wt%, pH 8, + 33.5 mM CaCl2 -yellow triangles)

Figure 40 -

 40 Figure 40 -Influence of calcium addition on G-C18:1/collagen mixture and effect of pH on mechanical properties

Figure 41 -

 41 Figure 41 -Two procedures employed to synthetize chitosan-based hydrogels and resulting mechanical propertiesSame conclusions regarding the influence of the three G-C18:1 phases on chitosan HMW gels mechanical properties were obtained; experiments are detailed in Project paper IV.
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Figure 42 -

 42 Figure 42 -Schematic representation of stimuli responsive hydrogels for drug delivery applications (reproduced from ref. 344 )

Figure 43 -

 43 Figure 43 -pH-induced vesicle-to-micelle G-C18:1 phase transition triggered inside the gelatin/G-C18:1 gel (left); Evolution of vesicular front h and micellar gel front h' in function of time (right)

Figure 44 -

 44 Figure 44 -Rheology (left) and SAXS (right) profiles of gelatin (2 wt%) recorded at pH 6 and 8

Figure 45 -

 45 Figure45 -In situ acidification of {F}G-C18:1/gelatin gels (2-2 wt%) using (1 eq) 7.7mg.mL -1 GDL (left) or (2 eq) 15.4 mg.mL 

Figure 46 -

 46 Figure 46 -pH effects on {F}G-C18:1-gelatin hydrogels' mechanical properties (left) and corresponding SAXS profiles (right) at pH 10 (a), pH 6.98 (b) and pH 6.47 (c).

Figure 47 -

 47 Figure 47 -Loss and storage modulus of {Ca}G-C18:1 + gelatin gels prepared either directly at pH 6 (blue triangles) either through a pH 8 -> 6 change (red squares) (black lines reminds the mechanical properties at pH 6 following GDL-induced acidification)

Figure 48 -

 48 Figure 48 -Mechanical properties of {Ca}G-C18:1 + gelatin (2-2wt%, pH 8) gel recorded 2h after sample preparation (left),

Figure 49 -

 49 Figure 49 -Mechanical properties of a {Ca}G-C18:1 gel in function of temperature at to different heating/cooling ratesSame approaches were used with other biopolymers (alginate and chitosan) , related results are presented in the following paper.

Figure 50 -

 50 Figure 50 -Schematic representation of main results of the thesis: pH-induced phase transitions, biobased hybrid gels and encapsulation of curcumin within multilamellar walls vesicles

Figure 51 -

 51 Figure 51 -Schematic representation of a SAXS setup (https://www.xenocs.com/knowledge-base/saxs)

Figure 53 - 4 Figure 54 -

 53454 Figure 53 -Chemical structure of SL-C16:0

Figure 55 -

 55 Figure 55 -Evolution of storage and loss modulus of a SL-C16:0/collagen gel (1/0.135wt%) upon GDL hydrolysis

Figure 56 -

 56 Figure 56 -Influence of increased SL-C16:0 or collagen concentration over the resulting mechanical properties of the hybrid gel

Figure 57 -

 57 Figure 57 -Evolution of storage and loss modulus of a SL-C16:0/collagen gel (1-3/0.135-0.404wt%) upon GDL hydrolysis

(

  Malvern Instruments Ltd, Worcestershire, UK) instrument, equipped with a 4 mW He-Ne laser at a wavelength of λ= 633 nm, measuring angle, θ = 90°, temperature, T= 25°C, and the signal is never attenuated throughout the entire experiment. The sample solution (V= 7 mL) is contained in an external beaker and pumped with a peristaltic pump through the ζ-potential cuvette cell located in the instrument for analysis. pH is adjusted in the beaker by adding aliquots of V= 6 μL of a HCl solution at C= 0.5 M and controlled by the MPT-2 Zetasizer software. The beaker undergoes gentle stirring to avoid the formation of air bubbles in the flowthrough tubing system and, consequently, in the ζ-potential cuvette. Avoiding air bubbles in the cuvette is crucial and accurately inspected throughout the experiment. Light scattering and ζpotential are simultaneously recorded between each pH variation while the sample solution is continuously pumped through the cuvette. The latter action guarantees that sedimentation occurs neither in the cuvette nor in the external beaker. pH-resolved in situ Small angle X-ray scattering (SAXS) In situ SAXS experiments during pH variation are performed at room temperature on two different beamlines. The B21 beamline at Diamond Light Source Synchrotron (Harwell, England) is employed using an energy of E= 13.1 keV and a fixed sample-to-detector (Eiger X 4M) distance of 2.69 m. The Swing beamline at Soleil Synchrotron (Saint-Aubin, France) is Published in Langmuir DOI: 10.1021/acs.langmuir.0c01177

Instruments.

  All the solutions (buffer pH 5.8, PLL 2 mM, G-C18:1 2 mM, and G-C18:1 4 mM) were degassed by 15 min sonication under vacuum. ITC experiments employ phosphate buffer solutions (NaH2PO4/Na2HPO4,10 mM) at pH 5.8. The titration experiments between PLL and G-C18:1 were performed with PLL 2 mM in the calorimetric cell and G-C18:1 (2 or 4 mM) solution in the syringe. Preliminary experiments (not shown) showed that high stirring rates (120 rpm) result in an unstable stable calorimetric trace most likely due to the foaming of the G-C18:1 despite the degassing step. This was also confirmed by visual inspection of the retracted measurement cell. For this reason, the experiments are conducted at a lower stirring speed of 30 rpm and with the G-C18:1 solution in the syringe. Prior to the start of the titrations, the system was equilibrated at 25℃ until baseline variation was less than 50 nW/h. After calibration (dynamic and gain), 20 injections of 10µL each of G-C18:1 (2 or 4 mM) were successively added at 20 min intervals into the cell containing 0.8 mL of PLL 2 mM. A blank titration experiment to estimate the heat of dilution was also performed under the same conditions by injecting the buffer solution into PLL 2 mM. The calorimetric results were corrected for the heat of dilution by subtracting the blank experiment from the actual experiments. The data was fitted with a multi site model using NanoAnalyse data analysis software (TA Instruments) in order to determine the thermodynamic as well as the reaction parameters of the interaction between PLL and G-C18:1. From the enthalpy (∆𝐻) and the binding constant (𝐾 𝑎 ) of the reaction, the entropy (∆𝑆) and the Gibbs free energy (∆𝐺) of reaction were calculated using the following equation:∆𝐺 = ∆𝐻 -𝑇∆𝑆 = -𝑅𝑇𝑙𝑛(𝐾 𝑎 )ResultsDeacetylated acidic sophorolipid SL-C18:0 (saturated) and glucolipid G-C18:1 (monounsaturated) are two microbial glycolipid biosurfactants used in this work and both containing a free carboxylic acid chemical function (Figure1). Alkaline solutions of SL-C18:0 and G-C18:1 at room temperature and concentrations below 10 wt% are characterized by a major micellar phase. At pH< 7.4, SL-C18:0 self-assembles into crystalline twisted ribbons, while at pH< 6.2 G-C18:1 self-assembles into vesicles.49,54,55 

Figure 1 -Figure 1

 11 Figure 1 -pH-dependent phase and (negative) charge diagram for SL-C18:0 and G-C18:1 microbial glycolipids biosurfactants at C< 10 wt% and room temperature. The (positive) charge of PLL polyelectrolyte is also indicated as a function of pH

1

 1 Published in Langmuir DOI: 10.1021/acs.langmuir.0c01177 10 collected on CHL and PEI are only briefly discussed and presented as supporting information, as they support the main conclusions obtained with PLL.

Figure 2 -

 2 Figure 2 -Room temperature turbidimetric analysis performed by UV-Vis spectroscopy of SL-C18:0 and G-C18:1 glycolipid solutions with and without PLL as a function of pH. The typical sample preparation is described in the materials and method section. The final lipid and PEC concentrations are CG-C18:1= CSL-C18:0= 2.5 mg . mL -1 , CPLL= 1.25 mg . mL -1 . pH is decreased from 11 to 3.

Figure 2

 2 Figure 2 presents the pH-resolved turbidimetric analysis on control lipid ([SL-C18:0] and [G-C18:1]) solutions (grey symbols) and mixtures of lipids with PLL (red symbols). As a general result, control solutions display poor scattering (micellar phase) above pH ~8 and ~9

Figure S 1

 1 Figure S 1 in the Supporting Information and where pH-resolved experiments are performed in situ in the light scattering apparatus. Finally, scattering of PLL alone is negligible on the entire pH range and for this reason it is not displayed in Figure 2. Mixtures of SL-C18:0, or G-C18:1,

f

  Published in Langmuir DOI: 10.1021/acs.langmuir.0c01177 11

  pH-resolved in situ ζ-potential measurements are employed to show mutual interactions by charge-matching (Figure S 3). The lipid control solutions display the presence of negatively-charged colloids between pH 10 and 4, while lipid and PLL mixed solutions show an overall charge neutralization process occurring since pH 10, indirectly demonstrating the interaction between the lipid and polyelectrolyte, supported by both NMR and ITC presented later in the manuscript.

Figure 3 - 8 . 68 .

 3868 Figure 3 -a) SAXS profile recorded for a co-assembled mixture of [SL-C18:0 + PLL] (black curve) at pH 8.68. Grey curve: arithmetical summation of the SAXS profiles each recorded individually on the control solutions of [SL-C18:0] and [PLL] at pH 8.68. An artificial offset has been added for sake of clarity. Concentrations: CSL-C18:0= CPLL= 2.5 mg . mL -1 . b) Cryo-TEM image of the co-assembled [SL-C18:0 + PLL] solution at pH 7.40. Concentrations: CSL-C18:0= 2.5 mg . mL -1 , CPLL= 1.25 mg . mL -1 . Panels 1 and 2 identify regions where Fourier Transform (F.T.) is performed. F.T. images are indicated by the arrows on the right-

  ) pH, where black curves labelled [SL-C18:0 + PLL] and [G-C18:1 + PLL] correspond to co-assembled lipid:PLL PESCs solutions. Grey curves labelled [SL-C18:0] + [PLL] and [G-C18:1] + [PLL] correspond to the arithmetic sum of the SAXS profiles recorded on the individual lipid and PLL controls solutions separately. Figure S 4 illustrates the SAXS

Figure 4 - 5 . 50 .C18: 1 + PLL] solution at pH 4 . 70 .

 45501470 Figure 4 -a) SAXS profile recorded for a co-assembled mixture of [SL-C18:0 + PLL] at pH 5.30. Grey curve: arithmetical summation of the SAXS profiles each recorded individually on the control solutions of [SL-C18:0] and [PLL] at pH 5.30. An artificial offset has been added for sake of clarity. b) Cryo-TEM image of the co-assembled [SL-C18:0 + PLL] solution at pH 5.56. Concentrations in a-b) are CSL-C18:0= CPLL= 2.5 mg . mL -1 . c) SAXS profile recorded for a co-assembled mixture of [G-C18:1 + PLL] (black curves) at pH 5.50. Grey curve: arithmetical summation of the SAXS profiles each recorded individually on the control solutions of [G-C18:1] and [PLL] at pH 5.50. An artificial offset has been added for sake of clarity. d) Highlighted high-q region of [G-C18:1 + PLL] at pH= 5.50. e) Cryo-TEM image of the co-assembled [G-C18:1 + PLL] solution at pH 4.70. Concentrations in c-e) are CG-C18:1= CPLL= 2.5 mg . mL -1 . Images has been analyzed using Fiji software.60 

Figure 5 -

 5 Figure 5 -pH-resolved (pH is changed from alkaline to acidic) in situ SAXS 2D contour plots of a) G-C18:1 control solution (C= 2.5 mg . mL -1 ), b) [G-C18:1 + PLL] sample at CG-C18:1= CPLL= 2.5 mg . mL -1 and c) [G-C18:1 + PLL] sample at CG-C18:1= CPLL= 10 mg . mL -1 . M: Micellar phase; V: Vesicles phase; L: Lamellar phase; MLWV: Multilamellar wall vesicle phase; Co: Complex coacervate phase. d) Evolution of d-spacing

Figure S 5

 5 better highlights the peak, which is hardly observable in the contour plot due to a simple matter of plotting levels. The signal of the same phase is more intense and better identified at higher lipid and PLL concentration, as highlighted by the Co phase region between pH 9 and 7.5 in Figure5cand Figure S 5. Below pH ~7.5, two sharp diffraction peaks of full width at half maximum Δq= 0.0015 Å -1 , respectively corresponding to the first and second order reflections, q1 and q2, of the multilamellar walls vesicle, MLWV, phase in Figure4d,e, are observed until pH 4. Figure5bshows that the position of q1 (and q2) varies continuously from q1= 0.178 Å -1 at pH 7.5 to q1= 0.157 Å -1 at pH 4, corresponding to a variation in d-spacing of 5 Å, between 35 Å to 40 Å (black squares in Figure5d). Below pH 4, the contour plot is characterized by an abrupt jump in the q-value from 0.157 Å -1 back to 0.176 Å -1 , immediately stabilizing itself at 0.181 Å -1 , and corresponding to a similar decrease in dspacing of 5 Å, from 40 Å back to 35 Å. The q1 peak below pH 4 has the same features (position, invariance of the position towards pH, appearance in the same pH range) as the peak characterizing the L phase of the control G-C18:1 solution (Figure

  Reversibility of the Co-to-MLWV to MLWV-to-Co phase transitions is addressed on Figure S 10, of which a)-panel focuses on the alkaline-to-acidic Co-to-MLWV transition (C= 10 mg . mL - 1 ), discussed above, and b)-panel highlights the reversed acidic-to-alkaline pH variation performed on the same sample. Figure S 10b shows the lamellar peak of the Co-to-MLWV phase but it does not show any evidence of the correlation peak typical of the Co phase, indicatingthat the Co-to-MLWV phase transition is not reversible. This could be due to a number of reasons among which the screening effect of salt generated during the pH variation process, known to have a strong impact on the phase diagram.25 

Figure 6 -

 6 Figure 6 -Schematic view of the pH-driven transition between (a) micelles and (b) interdigitated membrane composed solely of G-C18:1. In the presence of PLL, the transition between the (a) complex coacervate and (b) the multi-lamellar wall in the MLWV occurs via a morphology change (micelle-to-vesicle) but a structural continuity (micelle-diameter ≈ membrane thickness). e) Insight on the evolution of the pHdependent interlamellar spacing inside the multi-lamellar walls of MLWV: upon decrease in the membrane charge density, PLL expands and it applies a repulsive pressure to the lipid membranes. When the membrane is close to neutrality, long-range order is lost, MLWV disassemble, PLL is expelled and G-C18:1 precipitates into a hydrated lamellar phase.

1 H

 1 NMR is employed to prove the presence (or absence) of PLL at pH 5, either in the fiber or MLWV phase. From1 H NMR experiments, it is also possible to estimate the efficiency of the assembly process and the [COOH]-to-[NH2] molar ratio. MLWV and fibers formed at pH 5 are centrifuged out of their parent solution, dried, dissolved in MeOD-d4 and analyzed by 1 H NMR employing an internal reference (0 ppm, TMSP-d4, C= 5.8 mM). The lipids are characterized by a well-defined triplet around 2.18 -2.20 ppm (RCH ̲ 2C=O) while PLL is characterized by a broad signal at 2.92 ppm [(RCH ̲ 2NH2)x (x ~ 20)]. In the [SL-C18:0 + PLL] system, only the peaks of SL-C18:0 are observed while the characteristic peak of PLL at δ = 2.92 ppm is not detected in any of the samples initially prepared at various SL-C18:0-to-PLL ratios (Figure S 11c,d). If SAXS and cryo-TEM data (Figure 4a,b) show the formation of twisted ribbons, NMR shows that their composition is only constituted by SL-C18:0, demonstrating, within the NMR sensitivity, that they do not contain PLL, thus confirming the absence of specific interactions between SL-C18:0 and PLL. The characteristic peaks of both G-C18:1 (δ = 2.20 ppm) and PLL (δ = 2.92 ppm) are on the contrary observed in the MLWV phase (Figure S 11a,b), showing the simultaneous presence of both G-C18:1 and PLL, thus supporting the hypothesis of strong interactions between these compounds.

  seems to show that interactions between G-C18:1 and PLL occur with an excess of carboxylic acids. In fact, simple considerations based on pKa and pH at which experiments are performed show that the actual charged monomer ratio, [𝐶𝑂𝑂 -] 𝐹 [𝑁𝐻 3 + ] 𝐹 , is in fact much closer to unity, as one would expect on the hypothesis of charge neutralization between G-C18:1 and PLL and in agreement with ζ-potential experiments (Figure S 3). MLWV are initially prepared at pH 5, where all amine are essentially protonated into 𝑁𝐻 3 + (pKa ~10-10.5

(

  10% and 30%), estimated at the same pH for a pKa of about 7. The % consumed column identifies the molar percentage of consumed G-C18:1 and PLL during formation of MLWV (subscript F) with respect to their initial concentration (subscript In) in solution.

Figure 7 -

 7 Figure 7 -a) ITC heat rate profiles of buffer (blue) and G-C18:1 (𝑪= 4 mM, black; 𝑪= 2 mM, red) solutions injected into a PLL solution (𝑪= 2 mM). b) Evolution of the ∆𝑯 𝑰𝒏𝒕 (= ∆𝑯 𝑮-𝑪𝟏𝟖:𝟏/𝑷𝑳𝑳 -∆𝑯 𝑩𝒖𝒇𝒇𝒆𝒓 ) with PLL/G-C18:1 molar ratio derived from (a). The fit is performed with a "multiple site" model provided by the Nanoanalyze software.

Figure 8 -

 8 Figure 8 -Summary of the pH-driven phase transitions of (a) SL-C18:0 and (b) G-C18:1 lipids alone and in the presence of PLL polyelectrolyte in water at room temperature and C< 1 wt%.

( 113 )

 113 Figure S1 to FigureS11

Figure S 1

 1 Figure S 1 -a) pH-resolved in situ turbidimetric experiment (DLS apparatus) performed on a [SL-C18:0 + PLL] solution at CSL-C18:0= 2.5 mg . mL -1 CPLL= 2.5 mg . mL -1 . b)-panel shows the normalized intensity recorded in turbidimetry experiments using the pH-resolved in situ DLS and UV-Vis apparatus.

S3Figure S 2 -

 2 Figure S 2 -Room temperature turbidimetric analysis of a) SL-C18:0 and b) G-C18:1 glycolipid solutions with different concentrations of PLL as a function of pH. The typical sample preparation is described in the materials and method section. The final lipid and PLL concentrations are CG-C18:1= CSL-C18:0= 2.5 mg . mL -1 , CPLL= 2.5, 1.25 or 0.625 mg . mL -1 . pH is decreased from 11 to 3.

S4Figure S 3 --S5Figure S 4 - 1 ,

 341 Figure S 3 -ζ-potential measurements of: [SL-C18:0] and [G-C18:1] controls (grey curves); [SL-C18:0 + PLL] and [G-C18:1 + PLL] solutions (red curves) CG-C18:1= CSL-C18:0= 2.5 mg . mL -1 , CPLL= 2.5 mg . mL -1

Figure S 4 S6Figure S 5 -S7Figure S 6 - 1 [S8Figure S 7 -

 45617 Figure S 4 shows the control signals of single components: the red curve for [PLL] alone and the blue one for [SL-C18:0] alone. The grey curve corresponds to the simple arithmetic sum of both signals.

S9Figure S 8 -xS10Figure S 9 -S11Figure S 10 - 3 .Table S 1 - Quantitative analysis of the integrals corresponding to the 1 H

 8910311 Figure S 8 -SAXS plots of the G-C18:1 control solution at C= 2.5 mg . mL -1 and pH 3. Experiment extracted from 2D contour plot in Figure 5a in the main text.
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Figure 1 -

 1 Figure 1 -Phase transition and structures obtained by mixing G-C18:1 and PEC (chitosan, poly-L-lysine, polyallylamine or polyethylenimine) upon a rapid variation of pH. G-C18:1 is negatively charged between about pH 4 and alkaline pH, while PECs are positively charged below pH ~10 (depending on the exact pKa, given in the materials and method section). Complex coacervates (Co) composed of G-C18:1 and PEC form

  . They progressively rearrange into MLWV and dissociate below pH ~4, where G-C18:1 forms a lamellar (L) phase coexisting with free polymer chains.41 

Figure 2 -

 2 Figure 2 -Cryo-TEM images of PESC solutions in the complex coacervate phase composed of G-C18:1 lipid complexed with a) CHL (pH 7.16), b) PLL (pH 9.16), c) PAH (pH 8.96) and d) PEI (pH 9.02). CG-C18:1= CPEI= 2.5 mg . mL -1 , CCHL= 1 mg . mL -1 , CPAH= 0.25 mg . mL -1 , CPLL= 1.25 mg . mL -1

Figure 3 -

 3 Figure 3 -Cryo-TEM images of a MLWV phase composed of acidic G-C18:1 lipid complexed with a) CHL (pH 4.87), b) PLL (pH 4.70), c) PAH (pH 4.25) and d) PEI (pH 5.33). CG-C18:1= CPEI= CPLL= 2.5 mg . mL -1 , CCHL= 1 mg . mL -1 , CPAH= 0.25 mg . mL -1 . e) Zoomed cryo-TEM image of [G-C18:1 + PLL] mixture and its corresponding profile (f) allowing the determination of the interlamellar distance. Cryo-TEM data have been analyzed using Fiji software.50 At pH below 7, vesicular structures with multilamellar walls (MLWV phase) are observed by cryo-TEM for all PEC samples (Figure3 and Figure S 1). These structures are closely-related to a lipoplex-type phase rather than to an onion-like phase: the latter is composed of concentric single-wall vesicles, while the former keeps a free lumen and a thick multilamellar

10 Figure 4 -C18: 1 :

 1041 Figure 4 -SAXS profiles of [G-C18:1 + PLL] PESCs at a) basic and b) acidic pH with G-C18:1:PLL concentration ratios in mg . mL -1 : A= 2.5:5, B= 10:10, C= 2.5:2.5. c-e) 2D SAXS contour plots of G-C18:1:PLL concentration ratios in mg.mL -1 : c) 2.5:2.5, d) 2.5:5 and e) 2.5:2.5. pH is varied from basic to acidic.

  34 Å -1 , characteristic of the (100) and (200) reflections of a lamellar order in the walls, described previously and shown in Figure3. The dspacing of 37 Å is in agreement with the ones deduced from cryo-TEM (Figure3e,f). Similar results are obtained at different lipid:PLL ratios (Figure4c,d) but also for other PEC. Figure S 2 presents the SAXS signals of [G-C18:1 + CHL] solutions at basic and acidic pH, compared to the control solutions of [G-C18:1] and [CHL] alone as well as their arithmetic sum. If atacidic pH the signature of the lamellar wall of the mixture compared to the controls is out of doubt, the signal at basic pH is less straightforward to interpret, due to the scattering of CHL alone, known to precipitate above pH 7.59 This result is similar to what was found for acidic deacetylated sophorolipids;41,51 however, considering the fact that cryo-TEM experiments suggest the presence of complex coacervates, we cannot exclude their formation, although their content may constitute a small minority, if compared to the PLL-based PESCs in the same pH range. Another argument for the formation of Co in the presence of CHL will be given later.

Figure 4c -

 4c Figure 4c-e show the pH-resolved in situ contour plots of [G-C18:1 + PLL] PESCs at various lipid:PLL ratio and with CHL. They are recorded between pH 10 and 3 and focus on the high-q region of the SAXS pattern, sensitive to the structural Co-to-MLWV phase transition.

  indicates two additional features. The pH stability domain of the MLWV phase seems to vary with the lipid:PLL ratio. Comparison of Published in the Journal of Colloid and Interface Science -DOI: 10.1016/j.jcis.2020.07.021

Figure 5 -

 5 Figure 5 -pH-resolved in situ 2D SAXS contour plots of a) gelatin (C= 2.5 mg.mL -1 ) and b) [G-C18:1 + gelatin] mixture (CG-C18:1= CGelatin= 2.5 mg.mL -1 ).

Figure 7 -

 7 Figure 7 -a-d) Optical microscopy images recorded on a mixture of [G-C18:1] single-wall vesicles and [PLL] solutions (CG-C18:1= CPLL= 2.5 mg.mL -1 ) both prepared at pH= 3.8. a,c) white light and b,d) polarized light with cross polarizers set at 0-90°. Images in e,f) are recorded on the same sample by mean of cryo-TEM.

Figure 8 - 40 W

 840 Figure 8 -Cryo-TEM images of a [G-C18:1 + PLL] solution (pH=5, CG-C18:1= CPLL= 2.5 mg.mL -1 ) prepared using the Co-to-MLWV approach and a-c) filtered through a φ= 450 nm pores membrane or d-f) sonicated (ultrasound, US, technical data: t= 1', P= 40 W, Ampl.= 40%, freq.= 100%). g) profiles of the as prepared (black curve), filtered (φ= 450 nm pores membranes, red curve) and sonicated (US, technical data: P= 40 W, Ampl.= 40%, freq.= 100%, time is given on graph) MLWV samples

Figure S 1 - 70 ) 4 Figure S 2 -

 17042 Figure S 1 -Additional cryo-TEM images and zooms on layers of MLWV made of G-C18:1 (2.5 mg.mL -1 ) + a) CHL (1 mg.mL -1 , pH 4.87) , b) PAH (0.25 mg.mL -1 , pH 4.25), c) PEI (2.5 mg.mL -1 , pH 5.33) and d) PLL (2.5 mg.mL -1 , pH 4.70)

  is purchased from Sigma-Aldrich. All other chemicals are of reagent grade and are used without further purification. Curcumin (Cur) is purchased from Sigma-Aldrich without further purification. 18:1 Liss Rhod PE: 1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Liss-Rhod) (M w = 1301.7 g/mol, λ abs = 560 nm, λ em = 583 nm) is purchased from Avanti lipids. Lipopolysacharides (LPS), Phorbol 12-myristate 13-acetate (PMA), paraformaldehyde (PFA), Docetaxel, Paclitaxel and Doxorubicin are purchased from Sigma Aldrich-Merck. DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) is purchased from Life Technologies-ThermoFisher Scientific.Cell cultureL929 (mouse fibroblast) cells (Merck), HeLa (human cervical carcinoma) cells and NHDF (Normal human dermal fibroblast) (Merck) cells are cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and 1% Anphotericin B. THP-1 (human monocyte) (Promocell) cells are cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin and 1% Amphotericin B. Cells are cultivated at 37°C and 5% CO 2 under 100% humidity.

Figure 1 .

 1 Figure 1. a) Graphical representation of SAXS at different pH values of 2.5 mg/ml of G-C18:1PLL (1:1) in DMEM cell culture medium, where L: Lamellar phase and MLWV: Multilamellar wall vesicles. b1) PLM images of GCPLL 2.5 mg/mL in DMEM cell culture medium containing birefringent patterns on the surface evidenced by rotation of the polarizers from 45°-135° (b2) to 0-90°(b3)

Figure 2 . 1 H

 21 Figure 2. a-c) Cell viability of GCPLL (blue), GCPLL-Cur (green) and Cur (orange) in a) THP-1 cells; b) NHDF cells; and c) HeLa cells. All concentrations herein are referred to the concentrations employed initially in the preparation of GCPLL. In particular: 100 µg/ml corresponds to 45 µg/ml GC: 4 µg/ml PLL and 1.2 µg/ml Cur (3.25 µM Cur); and 250 µg/ml corresponds to 112.5 µg/ml GC: 10 µg/ml PLL and 3 µg/ml Cur (8.1 µM Cur), considering the values obtained from 1 H NMR evaluation (Table1).

Figure 3 .

 3 Figure 3. a) UV-Vis spectra of Curcumin encapsulated in GCPLL at t= 0 and t= 24h in DMEM cell culture medium. GCPLL-Cur is centrifuged out and resuspended in ethanol for analysis. b) Fluorescence microscopy image of GCPLL-Rhod-Cur at 2.5 mg/mL in DMEM cell culture medium. Liss-Rhod (red) and Curcumin (green) are loaded within particles. c) Calculation of Loading capacity (LC%) and Encapsulation Efficiency (EE%), where the amount of Cur encapsulated is 30 µg, the loaded quantity 50 µg and the weight of GCPLL 1225 µg considering the values obtained from 1 H NMR evaluation (Table1).

Figure 4 .

 4 Figure 4. a) Fluorescence microscopy images on HeLa cells treated with GCPLL-Cur 100 µg/ml and nucleus stained in blue with DAPI, green fluorescence from Curcumin, red from rhodamine and the merged image of the three channels. b) Schematic representation of the uptake mechanism of GCPLL-Rhod-Cur.

Figure 5 .

 5 Figure 5. a) Confocal microscopy images of Hela, NHDF and THP-1 cells treated with GCPLL-Rhod-Cur 100 µg/mL. Color code: green= Curcumin, red= rhodamine -stained GCPLL MLWV, blue= cell nucleus. b) Flow cytometry FACS data of Hela, NHDF and THP-1 cells of incubated with 100 µg/mL GCPLL and GCPLL-Cur labelled with Liss-Rhod. Table with mean ± SD values of triplicate of triplicates of GCPLL and GCPLL-Cur both labelled with Liss-Rhod for the three cell lines tested.

Figure S6 .

 S6 Figure S6. Cell viability comparison of both GCPLL and GCPLL centrifugated at 3000 rpm during 5 min and resuspended with new cell culture media on L929 fibroblasts mouse cell line.

Figure S7 .

 S7 Figure S7. Cell viability of DMEM cell culture medium altered with changes in pH, glucolipid GC18:1 (GC) and poly-L-lysine (PLL) on L929 fibroblasts mouse cell line.

Figure S8 .Figure S9 .

 S8S9 Figure S8. UV-Vis spectra of the calibration curve of Curcumin in ethanol.

Figure S10 .

 S10 Figure S10. Fluorescence microscopy of NHDF cells stained with DAPI dye for nucleus and GCPLL labelled with Rhodamine-lipid (Liss-Rhod).

Figure S11 .

 S11 Figure S11. Fluorescence microscopy of Hela cells stained with DAPI dye for nucleus.

Figure S12 .

 S12 Figure S12. Fluorescence microscopy zoom images of Hela cells stained with DAPI dye for nucleus after administration with GCPLL-Cur.

Figure S13 .

 S13 Figure S13. Fluorescence microscopy of Hela cells stained with DAPI dye for nucleus and GCPLL labelled with Rhodamine-lipid (Liss-Rhod).

Figure S14 .

 S14 Figure S14. Fluorescence microscopy of THP-1 cells stained with DAPI dye for nucleus.

Figure S16 .

 S16 Figure S16. Flow cytometry raw data examples of the triplicate experiments with 3 replicates each one in Hela cells, for: blank; GCPLL-Rhod and GCPLL-Rhod-Cur.

Figure S17 .

 S17 Figure S17. Flow cytometry raw data examples of the triplicate experiments with 3 replicates each one in NHDF cells, for: blank; GCPLL-Rhod and GCPLL-Rhod-Cur.

Figure S18 .

 S18 Figure S18. Flow cytometry raw data examples of the triplicate experiments with 3 replicates each one in THP-1 cells, for: blank; GCPLL-Rhod and GCPLL-Rhod-Cur.

Figure S21 .

 S21 Figure S21. Cell viability of HeLa and NHDF cells after 48h treated with different concentrations of GCPLL, GCPLL-Pac and free Paclitaxel.

Figure S22 .

 S22 Figure S22. Cell viability of HeLa and NHDF cells after 48h treated with different concentrations of GCPLL, GCPLL-Doc and free Docetaxel.

  Due to the heterogeneity of the chitosan gel at basic pH, 500 mg of the chitosan gel are weighted and mixed with 500 µL of a glycolipid solution under vigorous stirring and vortexing. To this mixture, 33.5 mM (VCaCl2= 67 μL) of a CaCl2 solution ([CaCl2]= 1 M) are added, followed by further mixing. The final concentration of CaCl2 in the sample is 33.5 mM, for a total [CaCl2]: [G-C18:1]= 1 : 1.3 molar ratio. A homogeneous gel is obtained after resting a few hours at room temperature. {F}G-C18:1/alginate gels. 500 µL of the alginate viscous stock solution are added either to 500 µL water (reference) or to 500 µL of the G-C18:1 stock solution under stirring. A volume of VCaCl2= 50 μL of a CaCl2 solution ([CaCl2]= 1 M) is added, for a final CaCl2 concentration of 50 mM and [CaCl2] : [G-C18:1]= 1 : 0.86 molar ratio and [CaCl2] : [alginate]≈ 1 : 0.0015 molar ratio. The final solution is magnetically stirred for several hours to obtain a homogeneous gel.

Rheology

  Viscoelastic measurements are carried out using an Anton Paar MCR 302 rheometer equipped with parallel titanium or stainless-steel sandblasted plates (diameter = 25 mm, gap = 1 mm). Unless otherwise stated, all experiments are conducted at 25 °C, whereas the temperature is controlled by the stainless-steel lower Peltier plate. During the experiments, the measuring geometry is covered with a humidity chamber to minimize water evaporation. To investigate the pH-dependence of the mechanical properties, samples containing {F}G-C18:1 and the biopolymer are mixed with the appropriate amount of glucono-δ-lactone, GDL, and immediately vortexed during 20 s. Half of the sample is immediately loaded on the bottom plate, while the pH is monitored automatically on the other half. Dynamic oscillatory and time sweep experiments are performed by applying a constant oscillation frequency (f = 1 Hz) and a shear strain (𝛾) within the linear viscoelastic regime (LVER).

Figure 1 -

 1 Figure 1 -Mechanical properties of hybrid gels made of gelatin (2 wt%) mixed with the three different solutions, each containing a different phase of G-C18:1 (2 wt%).

Figure 3 -

 3 Figure 3 -(a) Mechanical properties of hybrid systems composed of alginate (1 wt%) and G-C18:1 in its micellar, vesicle or fiber phase ([Ca 2+ ] = 58 mM). (b) Mechanical properties of {F}G-C18:1/alginate hybrid gel as a function of calcium concentration. GC and A stand for {F}G-C18:1 and alginate, respectively.

Figure 3Erreur !

 3Erreur Source du renvoi introuvable.b presents the mechanical properties of each component's solution in the presence of a calcium source: {F}G-C18:1 (2 wt%, 33.5 mM CaCl2) and alginate (1 wt%, 25 mM CaCl2). Upon addition of 25 mM CaCl2 to the mixed alginate and G-C18:1 sample, the hybrid {F}G-C18:1/alginate hydrogel reaches the mechanica l properties of {F}G-C18:1 alone. When providing and additional source of calcium (50 mM), the hybrid gel reaches the mechanical properties of the pure alginate gel. This simple experiment, which could be further verified by more advanced microcalorimetry tests, suggests that {F}G-C18:1 sequestrates calcium ions and eventually forms gels faster than alginate, which reacts with calcium only afterwards. Interestingly, the mechanical properties of the hybrid system can even be improved by adding an excess of calcium, here increased up to 58.5 mM, and corresponding to the sum of the quantities required to gel each component. The possibility to obtain a stronger hybrid gel than each component taken separately by adding the amount of

13 -Figure 4 -

 134 Figure4d, the structure of the gel is not affected, highlighted by the superimposable SAXS profiles corresponding to regions a through c of Figure4c.

Figure 5 - 1 Figure

 51 Figure 5 -Mechanical properties of hybrid gels made of chitosan mixed with the different phases of the biosurfactant {F}G-C18:1

Figure -( a )Figure S 1 - 1 Figure S 2 -Figure S -

 a112S Figure -(a) Mechanical properties and (b) S AXS profile of {F}G-C18:1/chitosan hybrid gels as a function of frequency. Rheo-S AXS experiment: (c) step-strain evolution of G' and (d) corresponding S AXS profiles in hybrid {F}G-C18:1/chitosan gels.

Fiber G-C18: 1

 1 hydrogels, {F}G-C18:1. For a 1mL sample, one increases the pH of 1 mL of the G-C18:1 stock solution up to ≈8 using 2-5 µL of a 5 M or 1 M NaOH solution. CaCl2 solution (1 M, VCaCl2= 33.5 μL, [CaCl2] = 33.5 mM) is manually added for a total [CaCl2] : [G-C18:1]= 1 : 1.3 molar ratio. The final solution is stirred and a gel is obtained after resting a few hours at room temperature. {F}G-C18:1/gelatin gels. A volume of 500 µL of the gelatin stock solution is mixed with 500 µL of either water (reference) or G-C18:1 stock solution (sample). For a typical volume of 1 mL, CaCl2 solution (1 M, VCaCl2= 33.5 μL, [CaCl2] = 33.5 mM) is manually added for a total [CaCl2] : [G-C18:1]= 1 : 1.3 molar ratio. The final solution is stirred and a gel is obtained after resting a few hours at room temperature. {F}G-C18:1/chitosan gels. Due to the heterogeneity of the chitosan gel at basic pH, 500 mg of the chitosan gel are weighted and mixed with 500 µL of a glycolipid solution under vigorous stirring and vortexing. To this mixture, 33.5 mM (VCaCl2= 67 μL) of a CaCl2 solution ([CaCl2] = 1 M) are added, followed by further mixing. The final concentration of CaCl2 in the sample is 33.5 mM, for a total [CaCl2]: [G-C18:1] = 1: 1.3 molar ratio. A homogeneous gel is obtained after resting a few hours at room temperature. {F}G-C18:1/alginate gels. 500 µL of the alginate viscous stock solution are added either to 500 µL water (reference) or to 500 µL of the G-C18:1 stock solution under stirring. A volume of VCaCl2= 50 μL of a CaCl2 solution ([CaCl2]= 1 M) is added, for a final CaCl2 concentration of 50 mM and [CaCl2] : [G-C18:1]= 1 : 0.86 molar ratio and [CaCl2] : [alginate]≈ 1 : 0.0015 molar ratio. The final solution is magnetically stirred for several hours to obtain a homogeneous gel.

  parallel in situ measurements: the mechanical and structural properties are collected by rheo-SAXS on one half while pH is measured using an automated pH meter on the other half. The results are combined in Figure1, Figure2and Figure3respectively for gelatin, alginate and chitosan. Due to the unavoidable security constraints of the SAXS beamline, a lag time of about 2 min systematically precedes rheo-SAXS acquisitions.

8 A

 8 closer comparison between rheology and SAXS clearly associates the loss of the mechanical properties to a loss in structure of {F}G-C18:1 fibers. The pH-dependent 2D SAXS contour plot centered around the fibers' structural diffraction peaks at q= 0.25 Å -1 and q= 0.31 Å -1 is superposed to the G'(pH) profile in Figure1a, both synchronized within the same rheo-SAXS experiment. The loss in structural properties, pointed at by the b-tagged arrow, occurs in the same pH range during which the structural peak disappears.-9 -

Figure 1 -

 1 Figure 1 -GDL-induced acidification of {F}G-C18:1/gelatin hydrogel. Rheo-S AXS experiment: a) mechanical properties and b) corresponding S AXS profiles. The 2D contour plot profile superposed to the G'(pH) evolution in a) corresponds to the full S AXS experiment. CGDL= 1 wt%, CG-C18:1= 1 wt%, Cgelatin= 1 wt %, [Ca 2+ ] = 33.5 mM.

  elastic modulus of the hybrid {F}G-C18:1/alginate hydrogels as observed for gelatin.

Figure 2 -

 2 Figure 2 -GDL-induced acidification of {F}G-C18:1/alginate/calcium gel. Rheo-S AXS experiment: a) mechanical properties and b) corresponding S AXS profiles. The 2D contour plot profile superposed to the G'(pH) evolution in a) corresponds to the full S AXS experiment. CGDL= 2 wt%, CG-C18:1= 1 wt%, Calginate= 0.5 wt %, [Ca 2+ ] = 25 mM.

Figure 4c shows that

  Figure4cshows that the mechanical properties of the hybrid gel initially decrease above 25°C, following the gel-to-sol transition of gelatin (Figure4a). A second gel-to-sol transition occurs around 45°C, this time corresponding to the gel-to-sol transition of {F}G-C18:1, as compared to the control of Figure4b. Upon cooling, the elastic properties of {F}G-C18:1 increase again, as explained by the reversible sol-gel transition of {F}G-C18:1 rather than gelatin (Figure4a,b).[Ref Alexandre] The contributions of both components are thus nicely established, while the advantage of introducing a fast-responsive self-assembled fibrillary network within a polymer gel now become self-evident: the rapid sol-gel transition of {F}G-C18:1 overwhelms the slow recovery of gelatin alone.

Figure 4 -

 4 Figure 4 -Combined rheo-S AXS experiment. Rheological measurements of storage (G') and loss (G'') moduli of a) gelatin gel, b) {F}G-C18:1 gel and c) hybrid {F}G-C18:1/gelatin gel as a function of temperature. CG-C18:1= 2 wt%, Cgelatin= 2 wt%, [CaCl2]= 33.5 mM, pH= 7.8. d) S AXS profiles of hybrid {F}G-C18:1/gelatin hydrogels corresponding to arrows in c).

Figure 5 -

 5 Figure 5 -Combined rheo-S AXS experiment. a) Rheological measurements and b) S AXS profiles of hybrid {F}G-C18:1/alginate gel as a function of temperature. CG-C18:1= 2 wt%, Calginate= 1 wt%, [CaCl2]= 50 mM, pH= 7.8.

Figure 6 -

 6 Figure 6 -Combined rheo-S AXS experiment. a) Rheological measurements and b) S AXS profiles of hybrid {F}G-C18:1/chitosan gel as a function of temperature. CG-C18:1= 2 wt%, Cchitosan= 1 wt%, [CaCl2]= 33.5 mM, pH= 7.8.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 Phase behavior of mixtures of polymer and surfactant depending on their charges. The case that has been investigated during this thesis is highlighted in orange.

	Polymer charge	Surfactant charge	Phase behavior of mixtures of
			polymer and surfactant
			Association without added
	+	-	electrolyte
			Miscibility at intermediate
	-	+	electrolyte concentration Segregation at high electrolyte
			concentration
	-	-	Segregation
	+	+	
			Segregation ; association may
	0	0	occur for less polar polymers,
			preferentially	at	high
			temperatures
	0	+	Phase separation inhibited ;
	0	-	association or segregation may
	+	0	be induced by added salt
	-	0	

Table 2 -

 2 Summary of the trends observed between biopolymers and positively-charged, neutral or negatively charged surfactants

	surfactant biopolymer	+	0	-
	Gelatin	hydrophobic	hydrophobic	electrostatic
	Chitosan	hydrophobic	hydrophobic	electrostatic
	Alginate	electrostatic	hydrophobic	hydrophobic

Table 4 -

 4 Examples of studies of gelatin-, chitosan-or alginate-based hydrogels supplemented with anionic, non-ionic or cationic surfactant

Table 6 -

 6 Illustrations of the five main types of LMWG-polymer combinations ;

illustrations and reference numbers are from ref.

  

Table 7 -

 7 Summary

of the self-assembly and phase behavior in water of SL-C18:0 and G-C18:18-cis, adapted from table 5 of our review.

83 

Table 8 -

 8 

	BS	Type	N°		Structure		Met hod	Ref
				Basic	Neutral	Acidic	Strongly acidic		
				pH > 8-7	8 < pH < 7	7 < pH < 4	pH< 4		
				Pl a nar					
	RL	Mono	19	(ves icle) (> 20 mM) Mi cel les	Unknown	Bilayer (ves icle)*	-	situ Ex	109,137-139
				(< 20 mM)					
	RL	Di	18	Mi cel les	Unknown	Bilayer (ves icle)*	-	situ Ex	109,137-139
	SL	C18:1-cis	1	Mi cel les /Platelets §	Mi cel les	Mi cel les	Ribbons † Mi cel les/	situ In	111,117,123,124,140,141
	SL	-NH2 C18:1-cis	4	Mi cel les	Mi cel les	Mi cel les /Platelets §	-	Ex situ	134
	SL	C18:1-trans	12	Mi cel les /Ribbons §	Mi cel les	Ri bbons	Ri bbons	situ In	118,123
	SL	C18:0	13	Mi cel les /Platelets §	None	Ri bbons	Ri bbons	In situ	117,125
	SL	-NH2 C18:0	5	Ri bbons	None	Mi cel les /Platelets §	-	Ex situ	134
	SL	C18:3	15	-	Unknown	Ves icle	-	situ Ex	142

pH-driven phase transitions in biosurfactants (N° given in Figure

3

). *: in brackets is given the most plausible morphology; §: in italic it is given the minority phase. †: The micelle phase is favored by a spurious (< 5%) amount of C18:2 , C16:0, C18:0 sophorolipid congeners while the ribbon phase is favored by an excess amount (> 10-15%) of C18:0 SL congeners in the batch.

Table 9 -

 9 Temperature-driven phase transitions in biosurfactants (N° given in Figure3).

	BS	Type	N°	Structure		Transition Temperature	Ref
				Low T	High T		
	SS	Symmetri c C16:0	9	Ri bbons	Mi cel les	28°C	117
	SL	Phorphyrin-deri vatives	7	Col umnar or mi celles	Monomers	34-37°C	147
	GL	C18:1-cis	11	La mellar	Ves icle	Bel ow RT	117
	GL	C18:0	10	La mellar	Ves icle	Above RT	117
	MEL	Mel -A (<~57 wt%)	21A	Coa cerva te (L3)	Is otropic	~63°C	148
	MEL	MEL-B (<~60 wt%)	21B	MLV	MLV	-	

Table 10

 10 summarizes the results reported up to now.

Table 10 -

 10 Additive-free biosurfactants hydrogels and related stimuli-responsitivity and mechanical performances. *= Mechanical properties strongly vary with pH change rate; the value reported is obtained with homogeneous pH variation with glucono-δ-lactone. §= Elastic properties depend on rate of temperature variation. Slow temperature variation could improve G´of a factor 10. #= At RT, elastic properties strongly depend on a combination of pH, ionic strength and time. For a given time, pH and temperature, ionic strength strongly improves the elastic properties.

					G´ / kPa					
	BS	Type	N°	Gel	ν= 1 Hz linear	C / wt%	pH	T / °C	Stimuli	Ref
					domain					
	SL*	C18:0	13	Fibrous	Up to 10	3	< 7	25	pH	157
	SS §	C16:0 symmetric	9	Fibrous	1	3	neutral	25	T	158
	CL	Sodium salt	17	Fibrous	0.01-0.03	2	neutral	25	T	112
									pH, T,	
	GL #	C18:0	10	Lamellar	10-100	3	< 7	25	strength, ionic	159,160
									time	
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Table 11 -

 11 Relative volumes of lipid and cationic polyelectrolyte (PEC) solutions to mix to obtain given concentrationsFurther experimental and technical details are provided in the Experimental part of Paper I and Paper II associated to this chapter.

	Volume

Table 12 -

 12 Concentration of stock solutions, volumes from stock solutions and final concentration in the samples. *: concentrations are given in molar, M or millimolar , mM.

G-

C18:1 (pH 6 or 8) Gelatin (pH 6 or 8) Alginate (pH 6 or 8) Chitosan (pH 6 or 8) Collagen (pH 6 or 8) CaCl 2

  

	(wt%)						
		0.5					
	V (mL)	(1 for the second procedure with	0.5	0.5	0.5/1 (first/second procedure)	0.5	0.0335/0.05 (alginate)
		chitosan)					
	Reference						
	and concentration sample	2	2	1	1	0.27	33.5 mM/50 mM*(alginat
	(wt%)						e)
	Stock solution concentration	4	4	2	2	0.54	1 M*

Table 13 -

 13 

	CaCl 2	CaF 2	CaCO 3	CaHPO 3	Ca(OH) 2
	Gel (≈50Pa)	Gel (≈30Pa)	Gel (≈40Pa)	Gel (≈45Pa)	Gel (≈20Pa)

Effect of the calcium's counterion on gelification of {F}G-C18:1/gelatin mixtures and resulting mechanical properties. In parentheses: G'

Table 14 -

 14 Effect of calcium concentration on the gelification of alginate and {F}G -C18:1/alginate mixture

	CaCl2 (mM)	25	50	75	100	200
	Alginate 1wt%	YES	NO	NO	NO	NO
	{Ca}GC-18:1	YES	YES	NO	NO	NO
	2wt% +					
	Alginate 1wt%					

In the conditions for which the table indicates « NO », gelation partially occurred: a part of the mixture formed a gel but another significant part remained liquid, even after 24h. Rheological properties were then determined for the fully gelled systems: alginate alone (25 mM CaCl 2 ) is the reference, while increased properties for the hybrid gel containing 50 mM CaCl 2 compared to 25 mM CaCl 2 were recorded (data not shown). Does G-C18:1 or alginate gelify first in presence of calcium? This is an i nteresting question from a physico-chemical point of view. We provide an answer in Project paper IV (joint hereafter) base d on rheological measurements performed on {F}G-C18:1/alginate systems with different calcium quantities, and supported by Isothermal Titration Calorimetry (ITC) experiments, which provide thermodynamic parameters of G-C18:1/calcium interaction, that we compared to existing literature about alginate.

Table 15 -

 15 The chemical nature and biomedical applications of thermoresponsive hydrogels (Extracted from ref.
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; number of references corresponds to the book's one)
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 16 The chemical nature and biomedical applications of pH-responsive hydrogels (Extra cted from ref.
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Table 1 -Relative volumes of lipid and cationic polyelectrolyte (PEC) solutions to mix to obtain given concentrations

 1 

		Volume		Concentration
	Lipid stock solution / mL	PEC stock solution / mL	Water / mL	CLipid / mg . mL -1 CPEC / mg . mL -1
		0.5	0	2.5 or 10	2.5 or 10
	0.5	0.25	0.25	2.5	1.25
		0.125	0.375	2.5	0.625

Table 2

 2 shows the quantitative analysis of the NMR data (full integration data are given in TableS 1). The initial

	[G-C18:1] 𝐼𝑛 [PLL] 𝐼𝑛	molar ratio corresponds to the initial solution (exact
	concentrations are given in Table S 1), while	[G-C18:1] 𝐹 [PLL] 𝐹

Table 2 -Quantitative evaluation of G-C18:1 and PLL in MLWV by 1 H solution NMR. The NMR spectra and full list of parameters are respectively given in Figure S 11 and Table S 1. In brief: the molar ratio column gives the G-C18:1-to-PLL molar ratio (square brackets identify molar concentrations) in the initial solution (

 2 

[G-C18:1] 𝐼𝑛 [PLL] 𝐼𝑛 ) and in the MLWV phase ( [G-C18:1] 𝐹 [PLL] 𝐹 ).

The monomer ratio column identifies the ratio between the neutral

  

			[𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹	and charged	[𝐶𝑂𝑂 -] 𝐹 [𝑁𝐻 3 + ] 𝐹	functional groups in the MLWV.	[𝑪𝑶𝑶 -] 𝑭 [𝑵𝑯 𝟑 + ] 𝑭	is calculated
	from	[𝑪𝑶𝑶𝑯] 𝑭 [𝑵𝑯 𝟐 ] 𝑭	assuming that the interaction occurs at pH 5, with 100 % of 𝑵𝑯 𝟑 + and two values of 𝑪𝑶𝑶 -

Table 2 (

 2 𝑛 2 

	≡	[𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹
		[𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹	>= 6.8 ± 2.2, the average monomer
	ratio found by NMR. ITC and NMR experiments are performed under different experimental
	and sample preparation conditions; the agreement between 𝑛 2 and	[𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹

). ITC provides 𝑛 2 = 3.8 ± 0.7 with an affinity of 𝐾 𝑎2 = 2.62 ± 1.48 . 10 6 M -1 , where 𝑛 2 is in very good agreement, within the error, with <

  98 

Table 3 -Thermodynamic parameters extracted from fitted data in Figure 7b using a "multiple site" model at 𝑻= 298 K. Data are averaged for the two experiments, of which the corresponding parameters of the fits are given in the Supporting Information (Table S 2 and Table S 3). 𝒌 𝒂 is the association constant, 𝒏 is the G-C18:1 to PLL monomer stoichiometry (≡

 3 

	[𝐶𝑂𝑂𝐻] 𝐹 [𝑁𝐻 2 ] 𝐹	) and ∆𝑯, ∆𝑮

and ∆𝑺 are respectively the enthalpy, Gibbs' free energy and entropy change.

  

	Interaction type	Parameter	Value
		𝐾 𝑎1	2.4 ± 0.8 . 10 8 M -1
	Non-specific Endothermic (entropic, hydrophobic effect)	𝑛 1 ∆𝐺 1 ∆𝐻 1	0.03 ± 0.02 -47.7 ± 1.2 kJ/mol 28.9 ± 0.9 kJ/mol
		∆𝑆 1	0.3 ± 0.1 kJ/mol•K
		𝐾 𝑎2	2.6 ± 1.5 . 10 6 M -1
	Specific Exothermic (electrostatic, H-bonding)	𝑛 2 ∆𝐺 2 ∆𝐻 2	3.8 ± 0.7 -36.4 ± 1.9 kJ/mol -2.8 ± 0.8 kJ/mol
		∆𝑆 2	0.10 ± 0.04 kJ/mol•K
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Table S 2 -ITC experiments: parameters extracted from the "multiple sites" model fit of G-C18:1 4 mM into PLL mM data after subtracting the buffer contribution.

 S 

	Interaction type	Parameter	Value
		𝐾 𝑎1	3.2 . 10 8 M -1
	Non-specific Endothermic (entropic, hydrophobic effect)	𝑛 1 ∆𝐺 1 ∆𝐻 1	0.05 -48.6 kJ/mol 5.3 kJ/mol
		∆𝑆 1	0.18 kJ/mol•K
		𝐾 𝑎2	1.1 . 10 6 M -1
	Specific Exothermic (electrostatic, H-bonding)	𝑛 2 ∆𝐺 2 ∆𝐻 2	4.3 -34.6 -2.0 kJ/mol
		∆𝑆 2	0.11 kJ/mol•K

Table S -ITC experiments: parameters extracted from the "multiple sites" model fit of G-C18:1 2 mM into PLL mM data after subtracting the buffer contribution.

 S 

Table 1 .

 1 The final total volume is generally set to V= 1 mL or V= 2 mL, the solution pH is about 11 and the final concentrations are given in Table1. The pH of the mixed lipid-PEC solution is eventually Published in the Journal of Colloid and Interface Science -DOI: 10.1016/j.jcis.2020.07.021

Table 1 -Relative volumes of G-C18:1 and PEC solutions to mix to obtain given concentrations

 1 

		Volume		Concentration
	G-C18:1 stock solution / mL	PEC stock solution / mL	Water / mL	CG-C18:1 / mg . mL -1	CPEC / mg . mL -1
		0.5	0	2.5 or 10	2.5 or 10
	0.5	0.25	0.25	2.5	1.25
		0.125	0.375	2.5	0.625

  Published in the Journal of Colloid and Interface Science -DOI: 10.1016/j.jcis.2020.07.021 21 diversity, including agglutinated single-wall vesicles, multilamellar but also cabbage-like structures, in agreement with previous literature studies.

	All in all, this work establishes the ground for the preparation of a new generation of
	fully biobased, stimuli-responsive, PESCs, of which the potential fields of applications could
	span from cosmetics to home-care products.

Table 1 . Quantitative evaluation of G-C18:1 and PLL in MLWV by 1 H Solution NMR. Explanation of the calculation is described in Table S1.

 1 as [COOH]/[NH 2 ] and one respectively finds 2.8 and 3 for H 2 O and DMEM, concluding that the composition of MLWVs is comparable independently of the nature of the aqueous medium.

		C initial (mM)	C final (mM)	C F /C In (%)	Molar ratio	Functional group
		[GC] in [PLL] in	[GC] f	[PLL] f GC f/in	PLL f/in	GC in / PLL in	GC f / PLL f	[COOH]/ [NH 2 ]
	H 2 O	5.4	1	3.7	0.065	70	6.5	5.4	57	2.8
	DMEM	5.4	1	2.4	0.04	45	4	5.4	60	3

Table 2 . Cell viability data of three different drug experiment tested in Hela and NHDF cells treated with 100 µg/mL and 250 µg/mL of: GCPLL, GCPLL-drug and drug. Being the drugs tested: Doxorubicin (DOX), Paclitaxel (PAC) and Docetaxel (DOC). Table with mean ± SEM values of triplicate of triplicates.

 2 .3±1.3%. In this last two systems, it is observed a milder effect in the cytotoxicity compared with Doxorubicin experiments.

	Cell viability ±	Hela cells	NHDF cells
	SEM (%)	100 g/mL	250 g/mL	100 g/mL	250 g/mL
	GCPLL	93.3 ± 6.9	89.5 ± 3.0	95.9 ± 2.9	98.7 ± 1.3
	GCPLL-DOX	66.9 ± 1.8	26.8 ± 1.7	81.3 ± 1.4	69.3 ± 0.9
	DOX	38.0 ±1.2	15.5 ± 0.2	49.1 ± 2.2	53.2 ± 1.2
	Cell viability ±	Hela cells	NHDF cells
	SEM (%)	100 g/mL	250 g/mL	100 g/mL	250 g/mL
	GCPLL	98.7 ± 1.8	80.9 ± 2.3	78.3 ± 9.8	65.3 ± 6.6
	GCPLL-PAC	98.7 ± 1.2	59.3 ± 0.6	91.6 ± 5.6	77.7 ± 6.2
	PAC	39.6 ± 4.0	40.5 ± 4.63	61.3 ± 10.5	51.8 ± 0.8
	Cell viability ±	Hela cells	NHDF cells
	SEM (%)	100 g/mL	250 g/mL	100 g/mL	250 g/mL
	GCPLL	99.6 ± 0.3	87.9 ± 6.1	87.5 ± 7.7	57.4 ± 3.0
	GCPLL-DOC	79.5 ± 8.1	44.3 ± 1.3	85.5 ± 4.2	67.0 ± 2.0
	DOC	37.4 ±1.2	33.5 ± 2.3	48.0 ± 1.3	49.5 ± 0.1

Table 1 -Concentration of stock solutions, volumes from stock solutions and final concetration in the samples G-C18:1 gelatin alginate chitosan Stock solution concentration (wt% )

 1 

Table 1 -Concentration of stock solutions, volumes from stock solutions and final conce ntration in the samples G-C18:1 gelatin alginate chitosan Stock solution concentration (wt% )

 1 

Acetylated acidic C18:1-cis SL Decetylated acidic C18:1-cis SL Decetylated acidic C18:1-trans SL Acetylated lactone C18:-cis SL Decetylated acidic C18:1-cis glucolipid Decetylated acidic C18:0 sophorolipid Decetylated aminyl (-NH 2 ) C18:1-cis SL Decetylated aminyl (-NH 2 ) C18:0 SL Decetylated acidic C18:0 glucolipid Decetylated acidic C18:3-cis glucolipid Decetylated acidic C22:0 13 sophorolipid Decetylated propargyl C18:1-cis SL

Published in the Journal of Colloid and Interface Science -DOI: 10.1016/j.jcis.2020.07.021

Couette polycarbonate cell (gap= 0.5 mm, volume, ≈ 2 mL) is coupled to the beamline and controlled through an external computer in the experimental hutch using the Rheoplus/32 software, version 3.62. The experiments are performed in a radial configuration, where the Xray beam is aligned along the center of the Couette cell. Data are not scaled to absolute intens ity.
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In this work, we used three different set up.

The first set up (pH-resolved in situ SAXS, used to study diluted systems in Chapters I and II), illustrated by Figure 52, aims to simultaneously record SAXS data and pH of the solution to attri bute a structure to a pH: an eppendorf is filled with sample which circulates through the capi l l ary by the use of a peristaltic pump while it is acidified by a HCl 1M solution contained in a syringe at a pre ci se rate and the pH is recorded by a pH-meter. A difficulty encountered during the first runs was to manually record the pH (seen through a camera on the pH-meter) at a fast rate, but was overcome by the acquisition of an interfaced apparatus and a software recording automatically the pH at a predetermined rate.

To study gels in Chapters III and IV, we rather used either capillaries or rheo-SAXS set up. [SL-C18:0 + PLL] c) d) SL-C18:0-PLL : 1.25-2.5 mg/mL SL-C18:0-PLL : 2.5-1.25 mg/mL SL-C18:0-PLL : 2.5-2.5 mg/mL PLL : 2.5 mg/mL SL-C18:0 : 2.5 mg/mL The experiment consisting in mixing acidic solutions (pH 3.8) of pre-formed G-C18:1 single-wall vesicles and PLL is shown in Figure 7. A preliminary investigation by optical microscopy results in a different behavior and distribution of signal with respect to the sample obtained through the Co-to-MLWV phase transition. Figure 7a shows representative images of a sample being constituted of aggregated objects, each of size below 1 μm, expected for G-C18:1 vesicles. 43 The corresponding images recorded using crossed polarizers (Figure 7b,d)

show a broad, undefined, birefringency associated to the aggregates with little, if no, content of maltese crosses. The featureless, generalized, birefringency signal suggests that MLWV are either not formed or they form in small amounts, in good agreement with the data presented by others. 38,39 This assumption is confirmed by cryo-TEM images recorded on the same system and showing a mixture of structures including agglutinated vesicles but also "cabbage-like" and multilamellar structures (Figure 7e-f).

The massive presence of MLWV structures obtained through the phase transition process compared to the mixture of structure obtained from a direct mixing of pre-formed vesicles-polyelectrolyte solutions confirms the crucial role of the complex coacervates in the formation of MLWV: coacervation seems to be a requirement to the extensive formation of vesicular structures with multilamellar walls. 41 This is also in agreement with the data obtained from the [G-C18:1 + gelatin] system presented in Figure 5 and prepared using the pH variation approach. Also in that case, the absence of a complex coacervate phase had as a consequence In this work, we study the effect of various self-assembled phased obtained by a biobased amphiphile of microbial origin, on the elastic properties of three biobased macromolecules. G-C18:1 is a part of microbial surfactants family, resulting from the fermentation of the yeast S.

Bombicola. Its structure is composed of a single β-D-glucose hydrophilic headgroup and a C18 fatty acid tail (monounsaturation in position 9,10). It evolves from micelles to vesicles upon lowering the pH. [7][8][9] The interaction between G-C18:1 and biopolymers was recently reported under dilute conditions, forming either complex coacervates or unusual multilamellar walls vesicles. 10,11 The biopolymers selected for this work are gelatin, chitosan and alginate. Gelatin is obtained by the denaturation of collagen protein and has many potential applications due to its ability to stabilize colloids and its gelation below 30°C. 12 Interactions with anionic surfactants are reported for many proteins, including gelatin. Below its isoelectric point, gelatin bears a positive net charge and is expected to interact with a negatively charged polymer, resulting in the precipitation of polymer-surfactant complexes. [13][14][15] Alginate is a polysacchar ide composed of β-Dmannuronic acid (M-blocks) and α-Lguluronic acid (G-blocks), as well as regions of interspersed M and G units. 16 Alginates for hydrogels in aqueous solution under mild conditions through interaction with divalent cations, mainly Ca 2+ , whose cooperative binding between the G-blocks of adjacent alginate chains create reversible ionic interchain bridges. 17 Finally, chitosan is obtained by the deacetylation of chitin, the second most widespread natural polysaccharide. Its structure involves both N-acetylglucosamine and glucosamine, linked together into linear chains through β-(1-4) connections. 18 Biocompatibility, biodegradability, anti-microbial activity, or promotion of wound healing are some examples of chitosan's advantages. Its structure is not so different from the one of the glycosaminoglycans, main constituents of the natural extracellular matrix, opening thus serious trails in tissue engineer ing applications. 19 By a combination of rheology and small angle X-ray scattering (SAXS), this work shows the improvement of the mechanical properties of the biopolymer hydrogels upon mixing with a fibrillar phase of G-C18:1.

Experimental

Chemicals

In this work we employ microbial glycolipids G-C18:1, composed of a single β-D-glucose hydrophilic headgroup and a C18:1 fatty acid tail (monounsaturation in position 9,10). The compound is purchased from Bio Base Europe Pilot Plant, Gent, Belgium, lot N° APS F06/F07, Inv96/98/99 and used as such. Its synthesis of G-C18:1 is described in Refs. 8,9 , where the typical 1 H NMR spectra and HPLC chromatograms are also given. The molecular purity of G-C18:1 exceeds 95%.

The three polymers used in this work, gelatin (type A, from porcine skin, Mw ≈50-100 kDa, isoelectric point 7-9), alginate (from brown algae, medium viscosity, Mw ≈20-240 kDa, 

RESULTS

The phase behaviour of G-C18:1 against pH, summarized in Figure 1a, 7 shows micelles above and unilamellar vesicles below pH~6.5-7, 8 none of them having any gelling property. An additional phase has recently been put in evidence when adding metal ions, and in particular a Ca 2+ salt, to the micellar phase (pH above ≈7.8): self-assembled fibers spontaneously and immediately form, as supported by cryo-TEM and their characteristic SAXS profile.

Fibrillation occurs homogeneously, followed by prompt gelling. 20 The typical G' of G-C18:1 hydrogels settles around 100 Pa at about 2 wt% for an equimolar amount of positive-to-nega tive charge,

). 20 The viscoelastic behaviour of all biopolymers studied in this work is given in Figure S

1 for selected controls at two pH values in the form of storage and loss moduli measured few minutes after loading the rheometer. As expected, all reference samples are gels, of which the magnitude of the elastic modulus depends on the nature of the biopolymer, but not the pH.

Hybrid {F}G-C18:1/gelatin hydrogels

Network interpenetration between polymer gels and self-assembled fibrillar network (SAFiN) hydrogels could generate a synergetic interaction improving the elastic performance of the gels. This is studied for gelatin {F}G-C18:1 SAFiN hybrid hydrogels in Figure 1 and scattering analysis (Figure 2d), which shows that SAXS profiles a (initial gel) through c (after two and three cycles) are superimposed, the structure of the hybrid gel is not affected. Hybrid {F}G-C18:1/alginate gels Alginate is a biopolymer, of which the hydrogelation process is triggered by addition of Ca 2+ ions. 22 Upon mixing a Ca 2+ -free alginate solution with a G-C18:1 solution, either in a micellar or vesicle phase, no gelation occurs, while adding a source of Ca 2+ to the algina temicelles solution at basic pH, gelation is immediate (Figure 3a), with G' above 100 Pa. biopolymers. This new form of hydrogels is expected to benefit from the stimuli-respons ive properties of LMWG and the higher stiffness of the polymers. The hydrogel conception includes a safe-by-design approach. Indeed, only biodegradable and biocompatible molecules are selected: a microbial surfactant (G-C18:1, able to gelify in presence of calcium) and biopolymers (gelatin, chitosan and alginate). In situ acidification of the gel using glucono-δlactone (GDL) evidences a loss of mechanical properties following a decrease of the pH while heating the gel does not destroy it, contrary to some of the individual components gels. pH and temperature appear thus as two efficient tools to tune the properties of the gel for a desired application.

Experimental section

Chemicals

Microbial glycolipids, G-C18:1, are composed of a single β-D-glucose hydrophilic headgroup and a C18:1 fatty acid tail (monounsaturation in position 9,10). From alkaline to acidic pH, G-C18:1 undergoes a micelle-to-vesicle phase transition. 7 The synthesis of G-C18:1 is described in Refs. 8,9 , where the typical 1 H NMR spectra and HPLC chromatograms are given.

The compound is provided by Bio Base Europe Pilot Plant, Gent, Belgium, lot N° APS F06/F07, Inv96/98/99 and used as such. The molecular purity of G-C18:1 exceeds 95%.

The three polymers used in this work, gelatin (type A, from porcine skin, Mw ≈50-100 kDa, isoelectric point 7-9), alginate (from brown algae, medium viscosity, Mw ≈20-240 kDa, pKa≈4) and chitosan (high molecular weight, HMW, from shrimp shell, practical grade, Mw ≈190-375 kDa, pKa≈6.5), are purchased from Sigma Aldrich. The frequency of pH recording is 10 s -1 .

Preparation of the hydrogels

Rheo-SAXS

Experiments coupling rheology and SAXS are performed at the SWING beamline of At acidic pH below 7, calcium induces precipitation of a powder with lamellar order. 18 In this work, we make the hypothesis that the elastic properties of hybrid hydrogels composed of a biopolymer and G-C18:1 can be controlled by switching from one G-C18:1 phase to another. We test this hypothesis by monitoring in-situ the structural and mechanica l properties of biopolymer/{F}G-C18:1 hydrogels upon pH lowering, the latter performed in bulk by mean of glucono-δ-lactone (GDL) hydrolysis.

The mechanical properties of each biopolymer alone are measured at pH 8 and 6, as controls. According to Figure S 1, the absolute magnitude of storage (G') and loss (G'') moduli depend on the biopolymer : 20-50, 50-100 and ≈2000 Pa for gelatin, alginate and chitosan respectively, but, as a general trend, pH does not sensibly affect G' and G'', except for chitosan, known to be more soluble at acidic pH. In the 8-10 pH range, all control (G' ≈ 10, 50, 100, 1000

Pa for {F}G-C18:1, gelatin, alginate and chitosan, respectively) and hybrid {F}G-C18:1/biopolymer (≈ 100 Pa) gels are mechanically strong.

Rheological measurements of all hybrid {F}G-C18:1/biopolymer hydrogels at pH 10 before pH variation are acquired on the SAXS-coupled rheometer before triggering the pH variation. The ex situ panel in Figure 1a, Figure 2a and Figure 3a shows that hybrid gels made of {F}G-C18:1 and respectively gelatin, alginate and calcium have a storage modulus around 100 Pa at pH 10. After adding GDL to the hybrid hydrogels pH 10, the sample is split in two 

Ex situ

In situ GDL insert -11 -gelatin and alginate hybrid gels, it is not unreasonable to expect a fiber-to-vesicle phase transition of {F}G-C18:1 below pH 8. The evolution of the storage and loss moduli of {F}G-C18:1, biopolymer and {F}G-C18:1/biopolymer gels was investigated between 20°C and 50°C via a heating then cooling protocol. Figure 4a shows that, as expected, gelatin gel loses its mechanical properties above The hybrid {F}G-C18:1/gelatin gels are also sensitive to temperature in correspondence of the sol-gel transition of each individual component. Rheo-SAXS of the hybrid {F}G-C18:1/gelatin gel (Figure 4) is performed to associate the elastic and structural properties. 

Supplementary Information

Résumé

Les systèmes polymère-tensioactif ont de nombreuses applications dans la vie de tous les jours, mais leur origine pétrochimique est aujourd'hui controversée. Dans une démarche plus respectueuse de l'environnement, des systèmes biopolymère-biotensioactif seraient une alternative intéressante. Il existe en effet une grande famille de molécules biosourcées, certaines produites par fermentation microbienne, possédant un fort potentiel, cependant aujourd'hui limité, leur comportement en solution n'étant pas encore clairement établi. Le LCMCP a développé une expertise sur ce point, et le but de ces travaux de thèse est dans un premier temps d'étudier en conditions diluées le diagramme de phase de deux biotensioactifs dont l'auto-assemblage dépend du pH en présence de biopolymères. Il en résulte que des coacervats complexes sont formés à pH basique dans les deux cas (biotensioactifs sous forme micellaire), tandis qu'à pH acide l'interaction est soit perturbée quand le biotensioactif se réorganise en fibres, soit maintenue si celui-ci évolue vers une phase vésiculaire, donnant lieu à la formation de structures multilamellaires. Ces dernières se sont avérées prometteuses pour l'encapsulation de molécules modèles, notamment la curcumine , aux nombreuses applications thérapeutiques. Stables en milieu biologique, elles permettent le relargage de la curcumine qui peut exercer son activité, notamment anti-cancéreuse. Dans un deuxième temps, dans des conditions plus concentrées, les effets des différentes phases du biotensioactif sur les propriétés mécaniques de gels de biopolymère ont été étudiés. La phase fibrillaire renforce le gel d'une part, et le gel hybride possède des propriétés modulables en fonction du pH et/ou de la température d'autre part.

Mots-clés: biotensioactif, biopolymère, vésicules multilamellaires, auto-assemblage, stimuliresponsive, hydrogel

Abstract

Polymer-surfactant systems have many applications in everyday life, but their petrochemical origin is currently controversial. In a more environmentally friendly approach, biopolymer-biosurfactant systems would be an interesting alternative. Indeed, there exists a large family of biobased molecules, including ones produced by yeast fermentation, which possess a huge potential, however currently limited as their behavior in solution is not clearly established yet. LCMCP has developed an expertise on this point, and the goal of this work is first to study in dilute conditions the phase diagram of two biosurfactants of which self-assembly depends on pH, in presence of biopolymers. It results that complex coacervates are formed at basic pH in both cases (biosurfactants within their micellar state), while at acidic pH interactions are either disturbed when the biosurfactant reorganizes into fibers, or maintained if this one evolves towards a vesicular phase, forming multilamellar structures. These latter were found promising for the encapsulation of model drug molecules, especially curcumin which has various therapeutic applications. Stable in biological environment, they allow the release of curcumin which can exercise its activity, especially against cancer. Secondly, in more concentrated conditions, the effect of the different biosurfactant's phases on the mechanical properties of biopol ymer's hydrogels were studied. The fibrillar phase reinforce s the gel on the one hand, and the hybrid gel possesses properties which can be tuned by pH and/or temperature on the other hand.
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