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Introduction

Microcapsules consisting of a solid, usually spherical, shell surrounding a liquid can potentially be used as carriers of molecules of interest in aqueous systems [START_REF] Wang | Microspheres and microcapsules for protein drug delivery[END_REF][START_REF] Bah | Fabrication and application of complex microcapsules[END_REF][START_REF] Corrêa-Filho | Advances in the application of microcapsules as carriers of functional compounds for food products[END_REF][START_REF] Jaganathan | Protein microcapsules: preparation and applications[END_REF]. With proper design the shell may serve as protection of the molecules so that the latter are delivered at a desired location where they are released. Hydrophobic or hydrophilic molecules can be encapsulated if the shell surrounds an oil or water phase, respectively. Microcapsules may also serve as efficient thickening agents, because they have a low density compared to homogeneous microgels and therefore fill up space with less material [START_REF] Schong | Dry heating of whey proteins leads to formation of microspheres with useful functional properties[END_REF].

The methods to prepare microcapsules containing oil has been known for some time [START_REF] Jaganathan | Protein microcapsules: preparation and applications[END_REF]. It involves the formation of an oil in water (O/W) emulsion in the presence of macromolecules that spontaneously adsorb at the O/W interface and stabilize the emulsions. Subsequently, the macromolecules at the interface are induced to bind to each other thereby forming a solid shell that encapsulates whatever was dissolved in the oil phase. A more controlled method to form monodisperse microcapsules is to utilise microfluidics with oil droplets being injected into an aqueous medium together with another aqueous solution that forms a layer around the droplet and that can be gelified [START_REF] Kim | Recent Advances in Microfluidic Production of Functional Microcapsules by Multiple-Emulsion Templating[END_REF]. In principle, microcapsules formed in this manner can also serve in all aqueous systems, but this involves replacing the oil with water, which may be difficult. In addition, encapsulation of hydrophilic molecules needs to be done subsequently by letting them diffuse through the already formed shell.

Recently, two methods have been reported to form microcapsules spontaneously in all aqueous systems. One method exploits the effect of temperature on aggregation and phase separation of certain plant proteins [START_REF] Chen | Exploiting salt induced micro phase separation to form soy protein microcapsules or microgels in aqueous solution[END_REF][START_REF] Cochereau | Mechanism of the spontaneous formation of plant protein microcapsules in aqueous solution[END_REF]. First, coacervation of the proteins into spherical micro domains is induced at room temperature by changing the pH or adding salt. Subsequently, the temperature is increased, which has the effect of rendering the proteins more soluble and crosslinking them. By fine-tuning the kinetics of each process stable microcapsules can be formed with permanently crosslinked protein shells. The second method exploits ternary phase separation of two incompatible polymers and gelatin in water [START_REF] Meng | Exploiting multiple phase separation to stabilize water in water emulsions and form stable microcapsules[END_REF][START_REF] Chen | Water-in-water-in-water emulsions formed by cooling mixtures of guar, amylopectin and gelatin[END_REF]. By fine-tuning the conditions, it is possible to induce the gelatin phase to form a continuous layer around the droplets of one polymer rich phase dispersed in the continuous phase rich in the other polymer. Subsequently, the gelatin layer can be gelled by lowering the temperature or by adding an enzyme that crosslinks the gelatin. This method has the advantage that one can encapsulate molecules of interest within the microcapsules before crosslinking the shell and the thickness of the shell can be varied. However, it requires careful tuning of the conditions of the mixture and is limited to a phases containing polymers, such as gelatin, that can form a gel.

Here we propose a third method that exploits the phenomenon that in some cases particles spontaneously adsorb at the W/W interface between two aqueous phases formed by mixing two incompatible polymers [START_REF] Chen | Exploiting salt induced micro phase separation to form soy protein microcapsules or microgels in aqueous solution[END_REF][START_REF] Dickinson | Particle-based stabilization of water-in-water emulsions containing mixed biopolymers[END_REF][START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF]. The phenomenon of spontaneous adsorption of particles at the oil/water interface leading to stabilization of O/W emulsions has been known for a long time [START_REF] Pickering | Pickering : emulsions[END_REF][START_REF] Ramsden | Separation of Solids in the Surface-Layers of Solutions and'Suspensions'(Observations on Surface-Membranes, Bubbles, Emulsions, and Mechanical Coagulation).--Preliminary Account[END_REF].

It occurs when it leads to a reduction of the free energy that compensates for the loss of translational entropy. The reduction of the free energy by adsorption of spherical particles with radius R is given by [START_REF] Aveyard | Emulsions stabilised solely by colloidal particles[END_REF]:
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where  is the contact angle of the particles with the interface, which is determined by the difference between the interfacial tension of the particles with phase A ( PA ) and with phase B ( PB ): cos()=( PA - PB )/ AB . Particles spontaneously adsorb at the interface if ( PA - PB ) <  AB . More recently this phenomenon has been observed also for W/W emulsions, but the formation of a particle layer does not always lead to stable emulsions [START_REF] Dickinson | Particle-based stabilization of water-in-water emulsions containing mixed biopolymers[END_REF][START_REF] Esquena | Water-in-water (W/W) emulsions[END_REF]. It has been shown that by crosslinking the particle layer around the oil droplets a solid shell of colloidal particles can be produced [START_REF] Bollhorst | Colloidal capsules: nano-and microcapsules with colloidal particle shells[END_REF]. Our hypothesis is that the same can be done in an all aqueous system using W/W emulsions.

We will demonstrate the feasibility of this method by adding protein microgels to an emulsion that is formed by mixing pullulan (PUL) and amylopectin (AMP), which are both food grade polysaccharides. As has already been shown in the literature, physical crosslinking of the microgels can be induced by lowering the pH towards their isoionic point [START_REF] Donato | Mixtures of whey protein microgels and soluble aggregates as building blocks to control rheology and structure of acid induced cold-set gels[END_REF][START_REF] Kharlamova | Acid-induced gelation of whey protein aggregates[END_REF]. Covalent crosslinking can be induced using the enzyme transglutaminase [START_REF] De Góes-Favoni | Microbial transglutaminase: general characteristics and performance in food processing technology[END_REF]. We will show that microcapsules can be formed with both types of crosslinks, but covalent crosslinks are needed to maintain the stability of diluted microcapsules after increasing the pH back to neutral or for periods longer than a few days. With this method the protein microgels form a monolayer around the dispersed droplets and therefore the solid shell that is formed in this manner is very thin (0.3 µm) and fragile. Thicker protein particle shells can be formed by introducing a third phase that covers the dispersed droplets and that is preferred by the microgels. To this end we used here an aqueous three phase system (ATPS) consisting of poly(ethylene oxide) (PEO), dextran (DEX) and AMP with droplets of the PEO rich phase dispersed in a continuous AMP rich phase and the DEX rich phase forming a layer around the PEO droplets. Subsequently, the protein microgels, which partitioned preferentially to the DEX phase, were physically or covalently crosslinked.

Materials and methods

Materials

POE (M w = 2.0 × 10 5 g.mol -1 ), DEX (M w = 1.6 × 10 5 g.mol -1 ), AMP (M w = 1.6 × 10 8 g mol -1 ) , glucono--lactone (GDL) and rhodamine B were purchased from Sigma-Aldrich. PUL (M w = 1.6 × 10 5 g.mol -1 ) was kindly provided by Hayashibara co. DEX and PUL were used as received. AMP was purified before use by adapting a method described by [START_REF] Bello-Perez | Macromolecular features of starches determined by aqueous high-performance size exclusion chromatography[END_REF]. Briefly, a 5 wt% AMP solution was dispersed in a mixture of dimethyl sulphoxide (DMSO) and water 95:5 v/v. Insoluble material was removed by centrifugation. The AMP in the supernatant was precipitated by adding 3 volumes of ethanol and subsequently rinsed with acetone and diethyl ether. Whey protein isolate (WPI) (BiPRO®) containing 93 wt% protein was purchased from Davisco Foods International, Inc. (Le Sueur, MN, USA). The glucono delta lactone (GDL) and the enzyme transglutaminase were procured from Acros Organics (Thermo Fisher Scientific). The powders were dissolved in ultrapure water (MilliQ).

The PEO powder contained a very small weight fraction of silica particles that were removed by centrifugation at 5 × 10 4 g for 4.5 h. Protein microgels were obtained by heating a solution of WPI at concentration of 4 wt% at pH 5.9 overnight at 80 °C. The microgels were characterized as described in detail elsewhere [START_REF] Phan-Xuan | On the crucial importance of the pH for the formation and self-stabilization of protein microgels and strands[END_REF].

Dynamic light scattering measurements showed that their hydrodynamic radius (R h ) was 150 nm and centrifugation showed that approximately 65% of the WPI was transformed into MG, with the residual forming small strand-like aggregates that do not adsorb to W/W interfaces [START_REF] Phan-Xuan | On the crucial importance of the pH for the formation and self-stabilization of protein microgels and strands[END_REF].

Emulsions were prepared by adding together aqueous stock solutions of the polymers and the microgels in the required amounts, followed by mixing under a vortex. No effect was seen of the order of mixing nor of the duration of mixing. The net charge density of the microgels was reduced by adding HCl or GDL and in some cases the enzyme transglutaminase was added after which the emulsions were again mixed under a vortex. The W/W emulsions that were studied here were formed by mixing 1.4 wt% PUL and 6.4 %wt AMP or 1.1 wt% PUL and 6.8 %wt AMP resulting in emulsion of droplets of a PUL rich phase at 25 or 20 vol%, respectively, dispersed in dispersed in a continuous AMP rich phase. The most investigated three phase system was formed by mixing 0,088 %wt POE, 0.46 %wt DEX and 7.7 %wt AMP resulting 5 vol% of a PEO rich phase and 3 vol% of a DEX rich phase dispersed in and AMP rich phase. In a few cases, ATPS with different relative volume fractions were formed by adapting the relative polymer concentrations. In the following we indicate the phases by their majority component.

Methods

Confocal Laser Scanning Microscopy (CLSM) images were obtained with a Zeiss LSM800 (Carl Zeiss Microscopy GmbH) using water immersion objectives: HC×PL APO 63× (NA = 1.2) and a HC×PL APO 25× (NA = 0.7). The samples were either inserted into acrylic wells plates or hermetically-sealed concave slides covered with glass slips. The MG were physically labeled with rhodamine B at approximately 5 ppm. The fluorescence of rhodamine B was exited at 580 nm and detected between 580 and 800 nm.

Results and Discussion

Microcapsules with protein microgel monolayer shells

W/W emulsions formed by mixing aqueous solutions of pullulan (PUL) and amylopectin (AMP) in the presence of whey protein microgels have already been studied in some detail by Macedo et al. [START_REF] Machado | Stabilization of amylopectinpullulan water in water emulsions by Interacting protein particles[END_REF]. It was shown that adsorption of the microgels at the W/W interface depends on the pH. At neutral pH, at which they are strongly charged, the microgels adsorb only at relatively high polysaccharide concentrations, i.e. when the interfacial tension between the two phases is relatively high. However, closer to the isoionic point of the microgels (pI = 5.0) [START_REF] Kharlamova | The effect of aggregation into fractals or microgels on the charge density and the isoionic point of globular proteins[END_REF], they adsorbed spontaneously also at lower concentrations. This can be explained by the reduction of the electrostatic repulsion that inhibits formation of a layer at the interface. The microgels strongly partition to the PUL phase at pH 7, but progressively partition more to the AMP phase with decreasing pH.

Crosslinking the microgels can be induced by reducing the electrostatic repulsion either by decreasing the net charge density by reducing the pH towards the pI or by adding salt which screens the interaction. For this study we reduced the net charge density either by adding aliquots of an HCl solution under strong stirring or by adding GDL. GDL slowly breaks down releasing one mol H + per mol GDL enabling one to reduce the charge density in quiescent conditions. Fig. 1 shows CLSM images of emulsions containing 20 vol% of the PUL phase dispersed in the AMP phase with 2 g/L microgels and 0.294 mmol HCl per gram protein at different times after preparation. Just after mixing very small droplets of the PUL phase covered with microgels were observed. The droplets grew initially by coalescence from about 2 µm to about 10 µm, but the coalescence stopped after a few hours and the emulsion remained stable for at least one week.

Without adding HCl the coalescence continued slowly and macroscopic phase separation was observed after one day. The addition of HCl caused a decrease of the net charge density of the microgels leading to an attractive interaction between the microgels at the interface that inhibited coalescence. However, it also caused slow aggregation of the excess microgels that can be clearly seen after standing for one week. In order to increase the attraction between the microgels, slightly more HCl was added (0.313 mmol). In this case the microgels aggregated rapidly, which hindered the formation of the layer around the PUL droplets. Instead a stable network of microgels was formed that trapped the PUL droplets, see fig. 3 Exploiting acid-induced aggregation of microgels to form a W/W emulsion gel has already been explored in some detail elsewhere [START_REF] Gonzalez-Jordan | Cold gelation of water in water emulsions stabilized by protein particles[END_REF]. These results at different HCl concentrations can be explained by the strong dependence of the aggregation rate of protein aggregates on their charge density that was reported in the literature [START_REF] Kharlamova | The effect of aggregation into fractals or microgels on the charge density and the isoionic point of globular proteins[END_REF]. The transition between the system containing well-dispersed stable droplets and microgel aggregates occurred over a remarkably narrow range of added HCl considering that 0.24 mmol/g HCl is needed to reduce the net charge of the proteins by 1 unit, taking 1.75x10 4 g/mol for the molar mass of the whey protein isolate. Similar results were obtained by adding GDL. The advantage of reducing the net charge density progressively with GDL is that the microgels can form a layer around the droplets before they strongly aggregate at lower net charge densities. By fine tuning the amount of added GDL, stable emulsions could be formed without aggregating the excess microgels, see fig. 4. However, here as well the microcapsules obtained after dilution were stable only for one or at most two days. We may conclude that the attractive interaction between the microgels induced by decreasing their net charge density is sufficient to stabilise the emulsions and the diluted microcapsules for one or two days, but it is not sufficient to stabilise the latter for longer periods. In addition, the microcapsules dispersed immediately after increasing the pH back to neutral. As was mentioned in the Introduction, covalent bonds can be formed between the microgels by enzymatic crosslinking using transglutaminase. In order to speed-up the enzymatic crosslinking of the microgels at the interface we added a relatively large amount of transglutaminase (1.5 wt%).

Nevertheless, the emulsion needed to be stable for at least a few hours in order to sufficiently crosslink the microgels without significant coalescence occurring in the meantime. Therefore, we prepared the emulsion with 0.274 mmol HCl per gram protein and the emulsion was diluted one day after preparation. Fig. 5 shows that diluted microcapsules were in this case stable for at least one week. After standing one day the microcapsules were still well dispersed. After one week the microcapsules had aggregated and sedimented, but they could be easily redispersed. The covalently crosslinked microcapsules resisted increase the pH by addition of NaOH and strong shear in a vortex.

However, the shells of many capsules were deformed even before shearing. The protein microgels were fluorescently labelled.

Microcapsules with shells of variable thickness

Microcapsules with thicker shells can be formed by adding a third component that forms a separate phase that surrounds the dispersed droplets and which captures the protein microgels. As was discussed in more detail elsewhere [START_REF] Meng | Exploiting multiple phase separation to stabilize water in water emulsions and form stable microcapsules[END_REF], one phase (A) separates the two other phases (B and C) if a b the interfacial tension between B and C is larger than the sum of that between A and B and A and C.

The three phase system we used here to demonstrate the method was formed by mixing AMP, poly(ethylene oxide) (PEO) and dextran (DEX) with AMP as the continuous phase. When this system is diluted the dispersed PEO and DEX phases first mix with each other before they mix with the AMP phase. Close to the concentration where PEO and DEX mix, the DEX phase forms a layer surrounding the PEO droplets. The protein microgels that are added to the emulsion accumulate preferentially in the DEX phase. The size of the PEO droplets and the thickness of the DEX layer can be can be increased by increasing the relative volume fractions of the PEO and DEX phase, respectively, see Fig. 6. 1.5% transglutaminase that was diluted one day after preparation and imaged after a week.

The method to form microcapsules in an all aqueous system described here should be more generally applicable. Any type of particle that spontaneously adsorbs at a W/W interface and that can subsequently be crosslinked, can serve as the shell of the microcapsule. The formation of thicker shells can be applied to any three phase system, in which one phase forms a layer around dispersed droplets of another phase. The microcapsules can then be formed either by crosslinking the polymers in the layer as was shown for gelatin in ref. [START_REF] Meng | Exploiting multiple phase separation to stabilize water in water emulsions and form stable microcapsules[END_REF], or by crosslinking other ingredients that partition to that phase. Partitioning of molecules of interest towards the dispersed droplet phase can potentially be exploited to more efficiently capture them within the microcapsules. Future research will need to be done to establish how the release of whatever is trapped in the microcapsules depends on the type of shell was produced and changing external conditions.

Conclusion

Stable protein microcapsules can be formed by crosslinking protein microgels that is spontaneously form a monlayer at the surface of droplets of a pullulan rich phase dispersed in an amylopectin rich phase. Physical crosslinks are formed after reducing the charge density of the microgels by adding an acid. By fine tuning the charge density, microcapsules can be formed that resist dilution for one or two days. However, only after covalent crosslinking by adding the enzyme a transglutaminase do the microcapsules resist dilution for at least one week, increasing the pH by adding NaOH and heating to 90°C. The shells of the microcapsules are very thin (0.3 µm) and are easily deformed. Microcapsules with thicker shells can be formed by crosslinking protein microgels that partition to a dextran rich layer that surrounds droplets of a poly(ethylene oxide) rich phase dispersed in a continuous AMP rich phase. These microcapsules remain spherical even after vortex shearing. After covalent crosslinking they resist dilution for at least one week, increasing the pH by adding NaOH and heating to 90°C.
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 12 Fig. 1 CLSM images (200 × 200 µm) of a PUL (20 vol%) in AMP emulsion containing 2 g/L protein microgels and 0.294 mmol HCl per gram protein immediately after preparation (a), after 1 h (b), after 1

Fig. 3

 3 Fig. 3 CLSM images (200 × 200 µm) of a PUL(20 vol%) in AMP emulsion containing 2 g/L protein microgels and 0.313 mmol HCl one week after preparation. The protein microgels were fluorescently labelled.

Fig. 4

 4 Fig. 4 CLSM images (200 × 200 µm) of PUL (25 vol%) in AMP emulsions containing 2 g/L protein microgels with 0.346 mmol GDL per gram protein. The images were taken just after mixing (a), after 4h (b) and after 1 day (c). Image d was taken of the emulsion that was diluted by a factor of 20 one day after adding the GDL. The protein microgels were fluorescently labelled.

Fig. 4

 4 Fig. 4 CLSM images (200 × 200 µm) of a PUL (25 vol%) in AMP emulsion containing 2 g/L protein microgels, 0.274 mmol HCl per gram protein and 1.5% transglutaminase that was diluted by a factor of 4 one day after preparation. The images were taken one day (a) and one week after dilution (b).

Fig. 6 .

 6 Fig. 6. CLSM images (200 × 200 µm) of an ATPS formed by a PEO rich phase dispersed in a AMP rich phase surrounded by a layer of a DEX rich phase containing 4.8 g/L protein microgels at different PEO/DEX/AMP phase volume fractions: 5/3/92 (a), 11/8/81 (b), 4/29/67 (c).
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