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Hypothesis

Water-in-water (W/W) emulsions formed by mixing incompatible polymers in aqueous solution can in some cases be stabilized by adding particles that adsorb spontaneously at the W/W interface. The importance of the contact angle of the particles with the interface on the stability of W/W emulsions is still an outstanding issue. We hypothesize that if the contact angle with the continuous phase is smaller than 90°, particles can bridge dispersed droplets, which enhances the stability of the emulsion.

Experiments

The W/W emulsions consisted of a dispersed poly(ethylene oxide) (PEO) phase in a continuous dextran phase or vice versa. Gelatin microgels were added and their contact angle was varied by varying the pH. The morphology during aging was observed by microscopy.

Findings

The contact angle of the microgels with the PEO phase varied between 110° close to neutral pH and 0° at pH 3 and pH 11. The W/W emulsions were stable only when the contact angle with the continuous phase was smaller than 90°. In this case, microgels could form bridges between dispersed droplets creating a network of droplets.

Introduction

Mixing aqueous solutions of incompatible polymers leads to the formation of water-in-water (W/W) emulsions [START_REF] Frith | Mixed biopolymer aqueous solutions -phase behaviour and rheology[END_REF]. Contrary to oil/water emulsions, W/W emulsions cannot be stabilized against droplet coalescence with molecular surfactants, because the W/W interface is thicker and W/W emulsions have a much lower interfacial tension [START_REF] Ding | Interfacial tension in phaseseparated gelatin/dextran aqueous mixtures[END_REF][START_REF] Forciniti | Interfacial tension of polyethyleneglycol-dextran-water systems: influence of temperature and polymer molecular weight[END_REF][START_REF] Scholten | Interfacial tension of a decomposed biopolymer mixture[END_REF][START_REF] Balakrishnan | Particles Trapped at the Droplet Interface in Water-in-Water Emulsions[END_REF]. W/W emulsions can, however, in some cases be stabilized by adding particles [START_REF] Nicolai | Particle stabilized water in water emulsions[END_REF][START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF][START_REF] Dickinson | Particle-based stabilization of water-in-water emulsions containing mixed biopolymers[END_REF] that adsorb at the interface, forming so-called Pickering emulsions. The driving force that maintains a particle at the interface is the gain of free energy (ΔG) due to the decrease of the interfacial tension. The free energy of particle absorption of spherical microgels with radius R depends on the interfacial tension between phase A and phase B (γ AB ) and the contact angle (θ) of the microgels with the interface [START_REF] Binks | Colloidal particles at liquid interfaces[END_REF][START_REF] Aveyard | Emulsions stabilised solely by colloidal particles[END_REF]: ΔG = -πR 2 γ AB (1-|cos(θ)|) 2 (1)

θ is determined by the interfacial tension between the particles and the two phases (γ PA and γ PB ):

cos(θ) = |γ PA -γ PB |/γ AB (2) 
If γ AB > |γ PA -γ PB |, the particles will spontaneously adsorb to the interface. However, this is not sufficient to inhibit coalescence. A major unresolved issue in this area of research is to understand why, contrary to oil/water emulsions, adsorption of particles at the interface is not sufficient to stabilize W/W emulsions. A striking observation reported for many systems is that the stability depends on which phase is the dispersed phase even if the composition of the phases and therefore the interfacial tension is the same [START_REF] Gonzalez-Jordan | Enhancement of the particle stabilization of water-inwater emulsions by modulating the phase preference of the particles[END_REF][START_REF] Nguyen | Stabilization of Water-in-Water Emulsions by Addition of Protein Particles[END_REF][START_REF] Gonzalez-Jordan | Influence of the protein particle morphology and partitioning on the behavior of particle-stabilized water-in-water emulsions[END_REF][START_REF] Merland | Thermo-induced inversion of water-in-water emulsion stability by bis-hydrophilic microgels[END_REF][START_REF] Peddireddy | Stabilization of Water-in-Water Emulsions by Nanorods[END_REF][START_REF] Nguyen | pH-responsive water-in-water Pickering emulsions[END_REF]. It has been suggested that W/W emulsions are better stabilized if the microgels have a stronger preference for the continuous phase and thus stick out more from the droplet surface [START_REF] Gonzalez-Jordan | Enhancement of the particle stabilization of water-inwater emulsions by modulating the phase preference of the particles[END_REF][START_REF] Nguyen | Stabilization of Water-in-Water Emulsions by Addition of Protein Particles[END_REF]. However, the particles used in these studies were too small to be able to visualize their position at the interface and to determine the contact angle. In order to investigate the relationship between the contact angle and the stability of the emulsion, the particles should be sufficiently large and their contact angle should be varied without changing the composition of the two phases.

Recently, we showed for a three-phase system consisting of dextran (DEX) and liquid gelatin (GEL) phases dispersed in a continuous PEO phase, that the interfacial tension between the GEL and the PEO (γ GP ) and DEX (γ GD ) phases can be tuned by the pH [START_REF] Meng | Exploiting multiple phase separation to stabilize water in water emulsions and form stable microcapsules[END_REF]. In fact, GEL was observed to disperse into the PEO phase below pH 3 and above pH 11, implying that γ GP became zero. The reason for this phenomenon is that GEL becomes strongly positively and negatively charged at low and high pH,

respectively. Here we exploit this phenomenon in order to modify the contact angle of spherical solid GEL microgels at the PEO/DEX interface and investigate the influence of the contact angle on the capacity of these microgels to stabilize W/W emulsions.

Elsewhere, it was shown that microgels of GEL can be produced by forming a W/W emulsion of liquid bovine GEL droplets in a concentrated PEO or maltodextrin solution [START_REF] Kong | Preparation of gelatin microparticles using water-inwater (w/w) emulsification technique[END_REF][START_REF] Beldengrun | Gelatin/maltodextrin water-in-water (w/w) emulsions for the preparation of cross-linked enzymeloaded microgels[END_REF]. Above 30°C, the GEL phase forms small liquid droplets that can be jellified by rapidly reducing the temperature.

They can subsequently be covalently crosslinked using the enzyme transglutaminase. The microgels that are formed in this manner are spherical and sufficiently big (10 µm) to visualize with confocal laser scanning microscopy (CLSM) at the DEX/PEO interface and to determine the contact angle.

Another advantage of using GEL microgels is that the contact angle that they make with the DEX/PEO interface can be varied by varying the pH.

The objective of this study was to investigate to what extent the contact angle determines the morphology and the stability of the W/W emulsion. In particular, we will show the influence of the contact angle on the possibility for a single microgel to bridge two neighboring droplets and that bridging can lead to the formation of a stable network of droplets. The possibility of bridging by particles between liquid droplets has not been reported before. Bridging can be important because it helps not only to inhibit coalescence, but also to slow down creaming or sedimentation of the dispersed droplets.

Materials and methods

Sample preparation

The emulsions used in this study were composed of PEO (M w = 2.0 × 10 5 g.mol -1 ) and DEX (M w = 1.6 × 10 5 g.mol -1 ). Enzymatically crosslinked GEL microgels were prepared utilizing phase separation as reported in the literature [START_REF] Kong | Preparation of gelatin microparticles using water-inwater (w/w) emulsification technique[END_REF][START_REF] Beldengrun | Gelatin/maltodextrin water-in-water (w/w) emulsions for the preparation of cross-linked enzymeloaded microgels[END_REF]. Gelatin from bovine skins (Type B , 225 g Bloom) and PEO at pH 7.3 were mixed, leading to the formation of droplets of the GEL phase containing 13 wt% GEL dispersed in a continuous PEO solution. The emulsion was cooled in an ice bath for 10 minutes to rapidly jellify the GEL droplets. However, the system was not sensitive to details of the cooling rate. 5 g/L transglutaminase (TGase, ~100 U/g), which was a kind gift of Ajinomoto Foods Europe S.A.S co., was added in order to covalently crosslink the GEL microgels. After stirring overnight, the emulsions were heated briefly at 80°C to inactivate the enzyme. PEO was removed after precipitating the microgels by centrifugation and repeatedly washing with ultrapure water. The microgels were subsequently freeze-dried. All chemicals were purchased from Sigma-Aldrich.

Stock solutions of GEL microgels at 5 and 10 wt% were prepared by dispersing the powder in ultrapure water, followed by ultrasonication to break up residual dispersed aggregates of microgels.

Stock solutions of PEO (15wt%), DEX (30wt%) and GEL microgels were mixed in the required amounts [START_REF] Balakrishnan | Particles Trapped at the Droplet Interface in Water-in-Water Emulsions[END_REF]. Different amounts of GEL microgels were added to these emulsions.

The pH of the solutions was adjusted by dropwise addition of HCl or NaOH at 0.1 or 1 mol/L.

Sample characterization

The morphology of the emulsions was observed with a Zeiss LSM800 CLSM microscope (Carl Zeiss Microscopy GmbH, Germany). Two different water immersion objectives: HC × PL APO 63× (NA = 1.2) and a HC × PL APO 25× (NA = 0.7) were used. The morphology of the samples was visualized by adding rhodamine B (5 ppm), which partitioned differently between the phases. For observation, the samples were inserted between slides and coverslips and sealed using a double-sided sticker. The sealed slides were stored vertically in a holder and then observed horizontally at different positions.

When creaming or sedimentation occurred the images were taken within the creamed or sedimentated layer. The droplet size distribution was measured manually from several images and was used to determine the number average diameter and the standard deviation.

The contact angles between the phases were determined by the method described in [START_REF] Nicolai | Effect of the Interfacial Tension on Droplet Association in Aqueous Multiphase Systems[END_REF].

Circles were drawn to trace the different interfaces and the distance between the centers of the circles and their radii were used to compute the contact angles. An example is shown in fig. 1, where the angle of the continuous PEO phase ( ) was determined from the radii of the circles (r D and r G )

and the distance between the centers of the circles (d DG ) :

cos( P )= -(r D 2 + r G 2 -d DG 2 )/2r D r G (3) 
For correct measurements, it is important to select images where both dispersed phases are imaged near the center in the same horizontal plane. The average angle and the standard deviation were obtained from several independent measurements. makes with the GEL microgels (white) and the DEX droplets (dark).

Results and discussion

pH dependence of the contact angle

CLSM images of emulsions of the DEX phase dispersed in the continuous PEO phase at different pH containing 0.15 wt% GEL microgels are shown in Fig. 2. The contact angle that the PEO phase makes with the GEL and DEX phases ( ) was determined as described in section 2 and is plotted in Fig. 3 (a) as a function of the pH. The contact angle of the spherical solid GEL phase is obviously constrained to independent of the pH and that of the DEX phase is given by:

. A sharp decrease of was observed below pH 4 and at pH 2.8 the microgels no longer adsorbed at the interface, but dispersed fully in the PEO phase. Interestingly, the effect of the pH on the contact angle could be reversed by adding NaCl. In the presence of 0.1 M NaCl, the microgels adsorbed at the interface at pH 2.8 with the same contact angle as at pH 7.3 in the absence of salt. The effect of charge on the interfacial tension has been discussed in detail by Vis et al. for mixtures of fish gelatin and DEX [START_REF] Vis | Decreased interfacial tension of demixed aqueous polymer solutions due to charge[END_REF]. It was found that the interfacial tension was lower when the gelatin was more strongly charged, which was attributed to the Donnan potential between the charged gelatin phase and the neutral DEX phase. The addition of salt eliminates this effect.

For comparison we also show the contact angles of the liquid GEL, PEO and DEX phases as a function of the pH in mixtures with the same composition that was reported elsewhere [START_REF] Meng | Exploiting multiple phase separation to stabilize water in water emulsions and form stable microcapsules[END_REF]. In this case is not constrained and the relative interfacial tensions determine the contact angle that each phase makes with the two other phases [START_REF] Rowlinson | L. Benyahia, Water-in-water emulsion gels stabilized by cellulose nanocrystals[END_REF]. where it preferred the PEO phase over the GEL phase. 

Effect of the contact angle on the stability

We investigated the effect of adding microgels on the stability and morphology at different pH for an emulsion containing 15 v% of the DEX phase and 1.5 wt% microgels, see Fig. 4. The pH of the emulsions was adjusted to 7.3, 4.5 and 3.5 for which was approximately 110°, 90° and 70°, respectively. In all cases, a layer of microgels formed at the surface of the dextran droplets. The initial number average droplet diameter (d) did not vary significantly with the pH: 41 ± 8, 37 ± 15 and 39 ± 10 µm at pH 7.3, 4.5 and 3.5, respectively.

The stability of these emulsions was followed for a period of 10 days. At pH 7.3, at which the microgels preferred the DEX phase with  110°, the emulsion destabilized quickly and 6 h after preparation large DEX domains were observed that sedimented. Small PEO droplets can also be seen trapped within the larger DEX domains that remained there for at least 10 days. At pH 4.5, at which the microgels preferred each phase similarly so that ≈ 90°, coalescence of the DEX droplets was significantly slower than at pH 7.3 (d = 56 ± 7 µm after 6 h), but large DEX domains were still formed eventually. At pH 3.5, at which the microgels preferred the PEO phase with ≈ 70°, the DEX droplets grew in size during the first 6 h (d = 60± 1 µm), but then remained stable for at least 10 days when d = 72 ± 20 µm. The reason for the initial growth is that the DEX droplets were not yet sufficiently covered, because when more microgels were added to the emulsion, the growth stopped sooner so that the stable DEX droplets were smaller, see Fig. 5, with d = 27 ± 5, 28 ± 6, 30 ± 5 and 30 ± 5 µm after 0 h, 6 h, 1 day and 10 days, respectively. Macroscopically, slow sedimentation of the droplets was observed. 

Effect of the phase composition

To test whether the effect of the pH on the stability is related to the contact angle and not to the charge density of the GEL, we prepared the inverse emulsion at pH 7.3 containing 15 v% PEO dispersed in the continuous DEX phase and added 2.3 wt% microgels. The composition of the phases was the same, and therefore was again approximately 110°. However, in this case, DEX is the continuous phase with a contact angle of around 70°. Contrary to the DEX droplets dispersed in PEO, the PEO droplets in DEX did not coalesce, but remained stable for at least 10 days, see Fig. 6, with d = 27 ± 5, 28 ± 6, 30 ± 5 and 30 ± 5 µm after 0 h, 6 h, 1 day and 10 days, respectively. Macroscopically, slow creaming was observed. It is clear that if the microgels prefer the continuous phase and thus stick out from the droplet surface, they better stabilize the emulsion regardless of the charge density of the microgels.

A similar observation was reported elsewhere [START_REF] Gonzalez-Jordan | Enhancement of the particle stabilization of water-inwater emulsions by modulating the phase preference of the particles[END_REF] for the same emulsions in the presence of latex microgels. The surface of the latex microgels was modified by the adsorption of more or less proteins and it was found that the emulsions were more stable when the microgels preferred the continuous phase. However, in that study, the microgels were too small to clearly visualize at the interface and the contact angle could not be determined. Here we showed that the contact angle can indeed be the determining factor for the stability of a W/W emulsion. It is important to stress, however, that the preference of the particles for the continuous phase is neither a sufficient nor a necessary condition for stability, as was illustrated, for instance, in ref. [START_REF] Merland | Thermo-induced inversion of water-in-water emulsion stability by bis-hydrophilic microgels[END_REF].

Droplet bridging by microgels

In this investigation, we observed a new phenomenon that has so far not yet been recognized, viz. that one microgel can bridge between two dispersed droplets. This is only possible if the contact angle of the continuous phase is significantly less than 90°C, otherwise, the bare surface of the second droplet will simply completely wet the surface of the microgel, leading to coalescence as is schematically illustrated in Fig. 7. The possibility to form bridges will help to stabilize the emulsion, but it can also lead to clustering of the droplets. This is most clearly seen for the PEO in DEX emulsions at pH 7.3 shown in Fig. 6, but bridging can also be seen in the DEX in PEO emulsions at pH 3.5 in Fig. 4. Fig. 7 Illustration of droplet coalescence or bridging depending on the contact angle of the continuous phase. The dispersed liquid phase is shown in blue and the microgels are shown in yellow.

For bridging to occur, a droplet covered with microgels needs to encounter the bare surface of another droplet. Therefore, the extent of bridging will depend on the amount of microgels, as in the presence more microgels the droplets present less bare surface. Adding fewer microgels leads to more bridging, which in turn causes the formation of denser clusters. However, adding fewer microgels also leads to more coalescence due to more contact between bare surfaces, and therefore to the formation of larger droplets. By increasing the volume fraction of the dispersed phase and fine-tuning the amount of microgels, bridging may lead to the formation of a network that fills the whole space and forms a W/W emulsion gel that resists creaming or sedimentation. This is illustrated in Fig. 8 

Conclusion

Earlier investigations showed that the capacity of particles to stabilize W/W emulsions depends on the affinity of the particles for each aqueous phase and is better when the particles prefer the continuous phase [START_REF] Gonzalez-Jordan | Enhancement of the particle stabilization of water-inwater emulsions by modulating the phase preference of the particles[END_REF][START_REF] Nguyen | Stabilization of Water-in-Water Emulsions by Addition of Protein Particles[END_REF]. The contact angle could not be determined for these emulsions, but it was suggested that the larger stability was due to a smaller contact angle of the particles with the continuous phase. Here we showed that the contact angle of GEL microgels at the PEO/DEX interface can be varied and controlled by the pH. W/W emulsions formed by mixing PEO and DEX were stable only when the contact angle with the continuous phase was smaller than 90° confirming the hypothesis that the contact angle can indeed be a determining factor for the stability of W/W emulsions. It may explain why the stability in some cases depends on which phase is the dispersed phase. This study also showed that if the contact angle with the continuous phase is significantly smaller than 90°, a single particle can bridge two dispersed droplets. By fine-tuning the quantity of the dispersed phase and the particle a percolated network of the dispersed droplets can be formed that resists creaming or sedimentation without crosslinking the particles. This offers an alternative to the method reported in the literature [23][START_REF] Ganley | Stabilisation of water-in-water emulsions by montmorillonite platelets[END_REF][START_REF] Gonzalez-Jordan | Cold gelation of water in water emulsions stabilized by protein particles[END_REF] to avoid creaming or sedimentation of dispersed droplets by forming an emulsion gel through crosslinking the stabilizing particles. Further research is needed to establish the mechanical properties of this network of bridged liquid droplets and to apply the findings reported here for a model W/W emulsion to other types of W/W emulsions that have potential applications in areas such as food and cosmetics. where it preferred the PEO phase over the GEL phase. Photographs of the emulsions after 10 days are also shown. 

  using a vortex stirrer to form the W/W emulsions. The duration and intensity of vortex stirring did not have an influence on the morphology of the emulsions as long as the components were thoroughly mixed. Emulsions were prepared according to the phase diagram shown in ref. [13] at three different volume fractions of the PEO and DEX phases. The emulsions at 15/85, 25/75 and 85/15 v% PEO/DEX contained 1.2/13.7, 2.0/12.1 and 6.8/2.4 wt% PEO/DEX, respectively. The PEO phase contained 8 wt% PEO and the DEX phase contained 16 wt% DEX with negligible quantities of PEO and DEX in the DEX and PEO phase, respectively. All three emulsions were positioned on the same tie-line and therefore had the same interfacial tension between the PEO and DEX phase of approximately 75 µN.m -1
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 1 Fig.1 Illustration of the determination of the contact angle ( ) that the continuous PEO phase (grey)
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 82 Fig. 2 CLSM images of emulsions of the DEX phase dispersed in the continuous PEO phase with 0.15 wt% of GEL microgels at different pH. The fluorophore rhodamine B partitioned more to the GEL microgels (white) than to the PEO phase (grey) and least to the DEX phase (dark) except at pH 2.8
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 3 Fig. 3 (a) Contact angles of the DEX ( , blue circles) and PEO ( , red diamonds) phases in emulsions with GEL microgels as function of the pH with their standard deviation. The contact angle of the GEL phase was fixed at 180°C. (b) Angles of the DEX, PEO and GEL (green triangles) phases as a function of the pH in an equivalent liquid triphasic DEX/GEL/PEO mixture, reproduced from [17].
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 4 Fig. 4 CLSM images (220 × 220 µm) of emulsions containing 15 v% of the DEX phase (dark) dispersed in the PEO phase (grey) with 1.5 wt% of microgels (white) at different pH and aging times.
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 5 Fig. 5 CLSM images (220 × 220 µm) of an emulsion containing 15 v% of the DEX phase (dark) dispersed in the PEO phase (grey) with 2.3 wt% of microgels (white) at pH 3.5 and at different aging times.
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 6 Fig.6CLSM images (511 × 511 µm) of emulsions at pH 7.3 containing 15 v% of the PEO phase (grey) dispersed in the DEX phase (dark) with 2.3wt% microgels (white) at different aging times. The zoomin shows bridged droplets. Photographs of the fresh emulsion and after 10 days are also shown.
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 1 Fig.1Illustration of the determination of the contact angle ( ) that the continuous PEO phase (grey) makes with the GEL microgels (white) and the DEX droplets (dark).
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 2 Fig.2CLSM images of emulsions of the DEX phase dispersed in the continuous PEO phase with 0.15 wt% of GEL microgels at different pH. The fluorophore rhodamine B partitioned more to the GEL microgels (white) than to the PEO phase (grey) and least to the DEX phase (dark) except at pH 2.8
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 3 Fig. 3 (a) Contact angles of the DEX ( , blue circles) and PEO ( , red diamonds) phases in emulsions with GEL microgels as function of the pH with their standard deviation. The contact angle of the GEL phase was fixed at 180°C. (b) Angles of the DEX, PEO and GEL (green triangles) phases as a function of the pH in an equivalent liquid triphasic DEX/GEL/PEO mixture, reproduced from [17].
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 4 Fig. 4 CLSM images (220 × 220 µm) of emulsions containing 15 v% of the DEX phase (dark) dispersed in the PEO phase (grey) with 1.5 wt% of microgels (white) at different pH and aging times.
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 56 Fig. 5 CLSM images (220 × 220 µm) of an emulsion containing 15 v% of the DEX phase (dark) dispersed in the PEO phase (grey) with 2.3 wt% of microgels (white) at pH 3.5 and at different aging times.
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 78 Fig. 7 Illustration of droplet coalescence or bridging depending on the contact angle of continuous phase.

  

  which shows emulsions containing 15 v% or 25 v% of the PEO phase dispersed in the continuous DEX phase with 2.3 wt% or 4.6 wt% microgels. Increasing the amount of microgels or decreasing the volume fraction of the dispersed phase led to smaller droplets and a more homogeneous network that better resisted creaming, see photographs in Fig.8. In earlier investigations, W/W emulsion gels were formed by crosslinking particles adsorbed at the interface as well as those still free in suspension[23][START_REF] Ganley | Stabilisation of water-in-water emulsions by montmorillonite platelets[END_REF][START_REF] Gonzalez-Jordan | Cold gelation of water in water emulsions stabilized by protein particles[END_REF]. No particle crosslinking is involved in the formation of the emulsion gels investigated here. As a consequence, these W/W emulsion gels flow very easily since the bridges between the droplets are easily broken. CLSM images (511 × 511 µm) of emulsions at pH 7.3 containing 25 v% or 15 v% of the PEO phase (grey) dispersed in the DEX phase (dark) with 2.3 wt% at 4.6 wt% microgels (white) at different aging times. Photographs of the fresh emulsions and after 7 days are also shown.
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