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Background

Emulsion gels are a class of soft solid-like materials. These composite materials are structurally either a polymeric gel matrix into which emulsion droplets are incorporated (emulsion-filled gels), or a network of aggregated emulsion droplets (emulsion particulate gels). Emulsion gels are increasingly used in pharmaceutics, cosmetics and food industries.

Scope and Approach

This article reviews fabrication methods of emulsion gels, and describes factors that influence gel properties and functionality. Effect of polymer-surfactant interactions on the rheology of emulsion gel systems is explained. Then, irreversible and reversible clustering of oil droplets as the basis of making emulsion particulate gels is deliberated.

Key Findings and Conclusions

Oil droplets depending on their interfacial composition act as either active or inactive fillers in an emulsion-filled gel. Actively functioning oil droplets can increase gel modulus, whereas, inactive oil droplets typically weaken gel texture. Interactions between surfactants and polymers, which influences filler affinity to gel matrix, have significant consequences on emulsion gel rheology.

For protein-based emulsion gels, surfactant may also influence proteins unfolding and aggregation.

In situ gelation of an emulsion can be triggered by environmental factors such as temperature changes during processing and storage or by physiological stimuli such as acidic pH in the stomach. The clustering approach, which is used to form emulsion particulate gels may be utilized to control digestibility of lipids in the gastrointestinal tract. The capability of encapsulating two or 3 more different lipophilic components within a single delivery system may be achieved via heteroaggregation technique.

Introduction

Oil-in-water emulsions have been widely utilized in various domains such as food, pharmaceutical, cosmetic, and paint industries owing to their ability to transport or solubilize hydrophobic components in a water continuous phase [START_REF] Budai-Szucs | Formulation and investigation of gel-emulsions containing polymeric emulsifiers[END_REF][START_REF] Leal-Calderon | Emulsion science: basic principles[END_REF]. However, emulsions are thermodynamically unstable systems and attempt to revert back into separate water and oil phases over time via various physicochemical mechanisms, including coalescence, gravitational separation, flocculation, Ostwald ripening and phase separation [START_REF] Mcclements | Nanoparticle-and microparticle-based delivery systems: encapsulation, protection and release of active compounds[END_REF][START_REF] Mcclements | Emulsion-based delivery systems for lipophilic bioactive components[END_REF]. This hinders their more widespread application. For example, in pharmacy and medicine, emulsions are limitedly used for oral and parenteral administration of drugs due to their unpredictable drug release profiles and possible toxicity that arise from emulsion instability [START_REF] Budai-Szucs | Formulation and investigation of gel-emulsions containing polymeric emulsifiers[END_REF][START_REF] Eccleston | Emulsions and creams[END_REF][START_REF] Sarkar | Molecular farming[END_REF].

The stability of emulsion can be greatly improved by confining oil droplets within a threedimensional solid-like aqueous network (hydrogels). Formation of a hydrogel network immobilizes droplets within the gel structure, thus preventing flocculation and coalescence [START_REF] Eccleston | Emulsions and creams[END_REF]. Hydrogels, on the other hand, may be per se utilized as delivery systems owing to their ability to protect active ingredients from hostile environments and to deliver them in response to environmental stimuli such as alterations in temperature and pH [START_REF] Komaiko | Food-grade nanoemulsion filled hydrogels formed by spontaneous emulsification and gelation: optical properties, rheology, and stability[END_REF][START_REF] Subirade | Food-protein-derived materials and their use as carriers and delivery systems for active food components[END_REF]). In the food industry, a fundamental advantage of utilizing hydrogels is that they can stabilize food texture, which is a desirable feature in manufacturing food products [START_REF] Subirade | Food-protein-derived materials and their use as carriers and delivery systems for active food components[END_REF]. Nonetheless, hydrogels are not proper carriers for delivery of hydrophobic compounds [START_REF] Nayak | Pharmaceutical applications of natural polymers[END_REF]. Fabrication of a composite system, named "emulsion gel" or "emulgel can provide the advantages of both emulsions and hydrogels, i.e., the ability to solubilize both hydrophobic and hydrophilic components and also good thermodynamic stability [START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF].

As a consequence, emulsion gels can act as dual control release systems [START_REF] Alexander | Recent expansions in an emergent novel drug delivery technology: Emulgel[END_REF].

These composite materials can be considered as a network of cross-linked polymers into which droplets are embedded (described as emulsion-filled gels), or as a network formed from flocculated droplets. The latter is a type of particulate gel [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Dickinson | Understanding food structures: the colloid science approach[END_REF]. However, distinguishing among cross-linked biopolymer molecules and flocculated droplets is not always easy for some real systems such as food emulsion gels and their composite structure is considered as a hybrid network fabricated from a combination of both these idealized models of structuring [START_REF] Dickinson | Understanding food structures: the colloid science approach[END_REF][START_REF] Geremias-Andrade | Rheology of emulsion-filled gels applied to the development of food materials[END_REF].

Emulsion gels can be produced with a wide range of rheological properties, which depend on a number of intrinsic factors such as the nature of interactions between the components, droplet volume fraction, and matrix stiffness [START_REF] Dickinson | Understanding food structures: the colloid science approach[END_REF][START_REF] Genovese | Shear rheology of hard-sphere, dispersed, and aggregated suspensions, and filler-matrix composites[END_REF]. The effects of these factors governing overall rheology of an emulsion gel are of considerable practical importance when utilizing an emulsion gel system for pharmaceutical, cosmetic and food applications. This article aims to provide a review about fabrication of emulsion gel systems and investigation of the main factors influencing their rheological properties.

Emulsion-filled gels

Emulsion-filled gels consist of oil droplets, as filler particles within a gel matrix [START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. The droplets can be classified as either active or inactive fillers depending on their effect on gel properties. Active fillers (so-called bound fillers) are connected to the gel network and contribute to gel strength whereas inactive (unbound) fillers show low chemical affinity to gel matrix, and do not interact or interact limitedly with gel matrix (Fig. 1) (Chen & Dickinson, 1999a;[START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Oliver | Influence of droplet clustering on the rheological properties of emulsion-filled gels[END_REF]. For real food emulsion gels, it is difficult to predict the precise role of filler particles because of the complex composition and unknown properties of the interfacial membranes surrounding the emulsion droplets (Chen & Dickinson, 1999a).

Fabrication methods

Emulsion-filled gels can be produced by embedding an emulsion into either a gel phase or a pregel polymer solution, followed by gelation [START_REF] Budai-Szucs | Formulation and investigation of gel-emulsions containing polymeric emulsifiers[END_REF][START_REF] Dickinson | Understanding food structures: the colloid science approach[END_REF]. Sunflower oil emulsions stabilized by octenyl succinic anhydride-modified starch were incorporated into native starch gels to produce emulsion gels [START_REF] Torres | Novel starch based emulsion gels and emulsion microgel particles: design, structure and rheology[END_REF]. In contrast, emulsions stabilized by different emulsifying agents were added into heat-denatured whey protein isolate (WPI), κ-carrageenan and gelatin solutions and gelation was induced by adding gluconoδ-lactone into the WPI dispersion/emulsion mixture or by cooling the carrageenan/emulsion and gelatin/emulsion mixtures [START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF]. The acid-induced cold-set gelation of WPI was also employed to gelify a mixture of native WPI-stabilized emulsion and WPI aggregates [START_REF] Rosa | Cold gelation of whey protein emulsions[END_REF]. The embedding approach provides control over the functional performance of the whole system via the manipulation of the properties and composition of the surrounding matrix [START_REF] Dickinson | Understanding food structures: the colloid science approach[END_REF].

Emulsion-filled gels are also made through gelation of the continuous phase of an emulsion with a low or moderate oil content. Accordingly, emulsion contains a gel-able polymer in the aqueous phase [START_REF] Chen | Viscoelastic properties of protein-stabilized emulsions: effect of protein-surfactant interactions[END_REF][START_REF] Kim | Rheological properties of soybean protein isolate gels containing emulsion droplets[END_REF][START_REF] Lorenzo | Rheological analysis of emulsion-filled gels based on high acyl gellan gum[END_REF][START_REF] Mao | Study on the rheological properties and volatile release of cold-set emulsion-filled protein gels[END_REF][START_REF] Saxena | Gelucire based in situ gelling emulsions: a potential carrier for sustained stomach specific delivery of gastric irritant drugs[END_REF]. When the polymer acts as both emulsifier and gelling agent, more than enough of polymer required to completely saturate the droplet surface is added into the aqueous phase. Emulsions produced by this approach are more prone to flocculation by depletion interactions due to the present of excess unadsorbed polymer in the continuous aqueous phase of emulsion [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Chen | Mechanical properties and microstructure of heat-set whey protein emulsion gels: effect of emulsifiers[END_REF]. [START_REF] Chen | Viscoelastic properties of protein-stabilized emulsions: effect of protein-surfactant interactions[END_REF] made heat-set WPI-stabilized emulsion-filled gels by this method. They reported that the emulsion underwent extensive flocculation as a result of the use of extra whey protein during homogenization. However, as long as polymer-to-oil ratio is high enough and emulsification conditions employed are sufficiently intense, it is readily possible to create a non-flocculated emulsion with fine droplets (<1 μm) and a narrow size distribution [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF]. In a study by [START_REF] Mao | Study on the rheological properties and volatile release of cold-set emulsion-filled protein gels[END_REF], cold-set emulsion-filled gels were produced through acidification of oil-in-water emulsions made by mixing WPI solution and oil, followed by high pressure homogenization using a microfluidizer. It was reported that all droplets were smaller than 300 nm, and the droplet size distribution was narrow.

Utilization of stimuli-responsive polymers in the formulation of emulsion gels can provide the possibility of in situ gelation. Stimuli-responsive polymers (synthetic or natural) undergo a significant physicochemical change in response to small changes in the environmental conditions which leads to a sol-gel transition in situ [START_REF] Almeida | In situ gelling systems: a strategy to improve the bioavailability of ophthalmic pharmaceutical formulations[END_REF][START_REF] Grassi | Understanding drug release and absorption mechanisms: a physical and mathematical approach[END_REF]. The stimuli capable of triggering microstructural changes include chemical (e.g., pH or ionic strength) and physical factors (e.g., temperature, magnetic fields, or mechanical stress) [START_REF] Almeida | In situ gelling systems: a strategy to improve the bioavailability of ophthalmic pharmaceutical formulations[END_REF][START_REF] Gil | Stimuli-reponsive polymers and their bioconjugates[END_REF][START_REF] Oliveira | Natural-based and stimuli-responsive polymers for tissue engineering and regenerative medicine[END_REF].

Temperature and pH are the most widely utilized stimuli since they are easily controllable and effective in a wide range of applications [START_REF] Gil | Stimuli-reponsive polymers and their bioconjugates[END_REF]. [START_REF] Wan | Preparation of thermo-reversible eugenol-loaded emulgel for refrigerated meat preservation[END_REF] produced antibacterial thermo-reversible emulgels based on gelatin in order to preserve refrigerated meat.

To obtain meat samples coated with the emulgels, emulsions prepared using eugenol and nonionic surfactants were added to gelatin solutions and then the pieces of meat were soaked in warm liquid emulgels. Gelation was induced during storage of the samples at 4°C [START_REF] Wan | Preparation of thermo-reversible eugenol-loaded emulgel for refrigerated meat preservation[END_REF]. In a study by [START_REF] Soukoulis | Chemical stability and bioaccessibility of β-carotene encapsulated in sodium alginate o/w emulsions: Impact of Ca2+ mediated gelation[END_REF], surfactant-stabilized o/w emulsions (5% w/w oil) containing sodium alginate and calcium carbonate were prepared. Emulsions were then mixed with glucono-δ-lactone, to trigger slow in situ release of calcium ions causing gelation of the continuous aqueous phase of emulsions. The shearing-induced gelation of inulin was exploited to cause sol-gel transition of an olive oil emulsion to filled hydrogel [START_REF] Paradiso | Production and characterization of emulsion filled gels based on inulin and extra virgin olive oil[END_REF]. Likewise, a rice bran oil and rosemary essential oil emulsion containing inulin was gelled by ultrasonic irradiation. The ultrasound was however detrimental to oil quality [START_REF] Nourbehesht | Investigation of stability, consistency, and oil oxidation of emulsion filled gel prepared by inulin and rice bran oil using ultrasonic radiation[END_REF].

In situ gelation of system can also be triggered by physiological stimuli such as acidic pH in the stomach [START_REF] Almeida | In situ gelling systems: a strategy to improve the bioavailability of ophthalmic pharmaceutical formulations[END_REF]. [START_REF] Madadlou | Engineered emulsions for obesity treatment[END_REF] concluded that pectin and alginate-enriched milk protein-stabilized emulsions can gel in the stomach. The emulsions that gel intragastrically may be able to slow down the stomach emptying, resulting in a protracted sense of fullness. Also they can be used as carriers for the delivery of highly gastric irritant drugs, which prevent direct contact of the embedded drug with the gastric mucosa avoiding the side effects of irritant drug. In addition, these in situ gelling emulsion formulations sustain the release of the drug, which leads to better treatment efficacy and safety [START_REF] De Araujo | Oxaprozin-loaded lipid nanoparticles towards overcoming NSAIDs side-effects[END_REF][START_REF] Saxena | Gelucire based in situ gelling emulsions: a potential carrier for sustained stomach specific delivery of gastric irritant drugs[END_REF]. In a study by [START_REF] Saxena | Gelucire based in situ gelling emulsions: a potential carrier for sustained stomach specific delivery of gastric irritant drugs[END_REF], in situ gelling emulsions were prepared using Gelucire 39/01 and low viscosity sodium alginate solution as lipid and aqueous phases of emulsions, respectively. Appropriate amount of CaCO3 and drug were added to the prepared emulsions. The authors reported formation of gel in stomach after oral administration of the emulsions and sustained release of the model drug over a period of 8 to 10 hours.

Important factors affecting the rheology of emulsion-filled gels

The rheological properties of emulsion-filled gels are different from those of conventional hydrogels with the same nature of the gel matrix and depend on several factors such as characteristics of filler and matrix and also interactions between them (Dickinson & Yamamoto, 1996b;[START_REF] Genovese | Shear rheology of hard-sphere, dispersed, and aggregated suspensions, and filler-matrix composites[END_REF][START_REF] Mcclements | Effect of emulsion droplets on the rheology of whey protein isolate gels[END_REF][START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. Some of the most important of these factors are described below.

Type and concentration of emulsifying agent

The type of emulsifier adsorbed to the surface of droplets dictates the nature of interactions between droplet and gel network [START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. Active fillers enhance or diminish emulsion gel modulus depending on the ratio between droplet modulus and that of the gel matrix [START_REF] Chen | Interfacial ageing effect on the rheology of a heat-set protein emulsion gel[END_REF]Oliver, Scholten, & van Aken, 2015). For an emulsion droplet, shear modulus is related to the Laplace pressure (Equation 1), which is proportional to the ratio of interfacial tension (γ) to droplet radius R (Chen & Dickinson, 1999a;[START_REF] Walstra | Physical chemistry of foods[END_REF].

G'=pL=2γ/R (Eq. 1)
The enhancement of emulsion gel modulus (G') occurs when the droplet modulus is higher than the modulus of gel matrix (Chen & Dickinson, 1999a;[START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF]. On the other hand, inactive or non-interacting fillers in the network are expected to behave like small holes in a composite material [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF]. Therefore, they may weaken the gel and disrupt the network. In heatset emulsion gels that whey protein served as the sole emulsifier and gelling agent, the proteincovered oil droplets behaved as active filler particles conferring a high viscoelasticity to gel; however, in the presence of an excess amount of a non-ionic surfactant, droplets behaved as inactive fillers and the gel texture weakened [START_REF] Chen | Protein-based emulsion gels: effects of interfacial properties and temperature[END_REF].

In emulsion systems containing a mixture of polymer and surfactant, rheological character becomes more complex because they both contribute to emulsion stability and rheological properties. Rheological properties of such emulsion gel systems can be affected by polymersurfactant interactions and their effects on polymer adsorption at interface and chemical affinity between filler and matrix. In the case of proteins, unfolding and aggregation of protein molecules can also be affected by surfactants, which influence the rheological behavior of protein-based emulsion gels containing surfactant. The effects of polymer-surfactant interactions depend on the type of added surfactant (non-ionic, cationic or anionic), concentration of surfactant and the solution conditions such as pH, temperature and ionic strength [START_REF] Dickinson | Influence of an anionic surfactant on the rheology of heatset β-lactoglobulin-stabilized emulsion gels[END_REF].

Surfactants can influence adsorption of polymers at interface through two different mechanisms including binding of surfactant to the polymer, which alters polymer solubility, and the competitive adsorption between the adsorbed polymer and surfactant [START_REF] Guzman | Polymer-surfactant systems in bulk and at fluid interfaces[END_REF][START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF]. If there is a strong attraction between the surfactant and the polymer, adsorption of the polymer can be enhanced as a result of decreased solvency. This can be explained by the fact that association of an ionic surfactant to oppositely charged polymer reduces the polymer charge, which leads to compaction of the polymer chain and a diminished solubility. Thereby, an enhanced adsorption of the surfactant-polymer complex can be attained due to charge neutralization (Chen & Dickinson, 1995a;Chen & Dickinson, 1995b;[START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF]. At higher surfactant concentrations, the surfactant-polymer complex achieves the same charge as the surfactant and becomes soluble because of its high charge density. In this region of surfactant concentration, the polymer-surfactant complexes do not adsorb and the interface is covered with adsorbed surfactant only (Chen & Dickinson, 1995b;[START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF]. As well, if an ionic surfactant is added to a non-charged polymer pre-adsorbed onto interface, the polymer desorbs from the surface due to binding of the surfactant to the polymer via hydrophobic interactions, and forming a soluble polymer-surfactant complex with the charges originating from the surfactant [START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF].

In addition to the mechanism of formation of soluble complexes causing polymer desorption, polymers can also be desorbed from an O/W interface due to competitive adsorption between the adsorbed polymer and surfactant (Chen & Dickinson 1995c;[START_REF] Guzman | Polymer-surfactant systems in bulk and at fluid interfaces[END_REF]. When there is a repulsive interaction or a weak attractive interaction between the surfactant and the polymer, i.e.

the surfactant and polymer have the same charge or surfactant is non-ionic, then the surfactant can displace the polymer from the interface to reduce the surface energy [START_REF] Guzman | Polymer-surfactant systems in bulk and at fluid interfaces[END_REF][START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF]. Under such conditions and at below the critical micelle concentration (CMC) of the surfactant, both the polymer and the surfactant are adsorbed to interface. Above the CMC, almost all polymer is desorbed and only the surfactant is present at the interface [START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF].

In the case of protein-surfactant mixed systems, some different behavior may be seen due to the specific secondary and tertiary structures of proteins [START_REF] Guzman | Polymer-surfactant systems in bulk and at fluid interfaces[END_REF]. In particular, globular proteins as the most frequently studied proteins are different from the other polymers since they are compact and monodisperse macromolecules with lack of conformational freedom [START_REF] Piculell | Phase behavior of polymer-surfactant systems[END_REF]. Proteins can interact with surfactants with both hydrophobic and electrostatic interactions due to their amphiphilic character and net charge [START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF].

Binding of larger amounts of surfactant to a protein, especially for ionic surfactants, may lead to a drastic conformational change that is irreversible and can give rise to the complete denaturation of the protein. Therefore, proteins may be involved in different conformational states which complicates studies of interactions [START_REF] Piculell | Phase behavior of polymer-surfactant systems[END_REF]. It is established that surfactants can be classified into two categories: denaturing surfactants which complex to proteins and induce unfolding of their tertiary structure, and non-denaturing surfactants in which the tertiary structure is maintained [START_REF] Jones | Interactions between small amphipathic molecules[END_REF]. Nonionic surfactants such as the Tritons or n-octyl-βglucoside (OBG), have minor effects on the tertiary structure of proteins. On the other hand, ionic surfactants tend to associate strongly with proteins and can then initiate unfolding of their tertiary structure. Anionic surfactants, e.g. sodium n-dodecylsulphate (SDS), can unfold proteins more than cationics [START_REF] Jones | Interactions between small amphipathic molecules[END_REF]. One of interesting manifestations of the amphiphilic nature of proteins is when a surfactant is added to a concentrated solution of a protein. Surfactant addition leads to a considerable enhancement in viscosity with a maximum as a function of the surfactant concentration [START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF]. This viscosity effect is attributed to the formation of mixed micelle-like aggregates containing surfactants and hydrophobic groups belonging to two distinct protein chains. The mixed micelles cross-link the protein molecules [START_REF] Dickinson | Influence of an anionic surfactant on the rheology of heatset β-lactoglobulin-stabilized emulsion gels[END_REF][START_REF] Djabourov | Physical gels from biological and synthetic polymers[END_REF]. This behavior has similarities with that suggested for systems containing mixtures of hydrophobically modified water-soluble polymers and surfactants. At higher surfactant concentrations, the cross-linking effects are eliminated because each of the mixed micelles will contain only one hydrophobic group (Fig. 2). It has been shown

that anionic surfactants, at concentrations above the CMC, are more effective in increasing the viscosity of gelatin solutions than cationic surfactants. As well, nonionic surfactants have negligible effect on the gelatin solution viscosity (Chen & Dickinson, 1995b). [START_REF] Dickinson | Influence of an anionic surfactant on the rheology of heatset β-lactoglobulin-stabilized emulsion gels[END_REF] studied the influence of sodium dodecyl sulphate (SDS), as an anionic surfactant, on the rheology of heat-set β-lactoglobulin-stabilized emulsion gels. They found that the storage modulus of emulsion gel was highly dependent on the total protein content and, specifically, the surfactant/protein molar ratio. For low surfactant additions to the concentrated emulsion systems, the storage modulus tended slightly to decrease as a consequence of increased electrostatic repulsion between the droplets caused by surfactant binding [START_REF] Dickinson | Influence of an anionic surfactant on the rheology of heatset β-lactoglobulin-stabilized emulsion gels[END_REF]. At intermediate SDS concentrations, the storage modulus increased which was attributed to SDS-induced unfolding of protein and surfactant-mediated cross-links via mixed micellar aggregates [START_REF] Dickinson | Influence of an anionic surfactant on the rheology of heatset β-lactoglobulin-stabilized emulsion gels[END_REF]. The authors also reported that a large reduction in the storage modulus at high surfactant/protein molar ratio in the concentrated emulsions was due to complete solubilization of protein into discrete unconnected mixed micelles. In systems containing an anionic water-dispersible emulsifier diacetyl tartaric acid ester of monoglyceride (DATEM), it was found that the storage modulus of emulsion gel increased with increasing surfactant/protein molar ratio due to poor ability of DATEM to displace the adsorbed protein competitively [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Dickinson | Surface coverage of β-lactoglobulin at the oil-water interface: influence of protein heat treatment and various emulsifiers[END_REF][START_REF] Dickinson | Influence of an anionic surfactant on the rheology of heatset β-lactoglobulin-stabilized emulsion gels[END_REF].

For nonionic emulsifier in mixed surfactant-protein systems, it has been shown that replacement is the predominant mechanism [START_REF] Dickinson | Influence of water-soluble nonionic emulsifier on the rheology of heat-set protein-stabilized emulsion gels[END_REF][START_REF] Guzman | Polymer-surfactant systems in bulk and at fluid interfaces[END_REF]. Non-ionic watersoluble surfactants such as Tween 20 are more effective in displacing proteins from oil-water interfaces compared to oil-soluble emulsifiers e.g., glycerol monostearate [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF]. For a protein-stabilized emulsion gel, as the proteins start to displace from the droplet surface in the presence of Tween 20, chemical affinity between the filler and the matrix is weakened which leads to a decrease in the storage modulus of emulsion gel [START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF].

Filler concentration and size

The influence of filler concentration on the rheology of emulsion-filled gels depends on the type of filler (Dickinson & Chen, 1999). It has been reported by several authors that gel strength increases with increasing filler concentration for droplets bound to matrix, i.e. active droplets [START_REF] Boutin | Characterization and acid-induced gelation of butter oil emulsions produced from heated whey protein dispersions[END_REF][START_REF] Gwartney | Sensory texture and mechanical properties of stranded and particulate whey protein emulsion gels[END_REF][START_REF] Line | Cold gelation of β-lactoglobulin oilin-water emulsions[END_REF][START_REF] Rosa | Cold gelation of whey protein emulsions[END_REF]. [START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF] found that the fracture strain decreased with increasing oil concentration for droplets interacted to the matrix such as gelatin gels with WPI-stabilized emulsions and WPI gels with WPI aggregate-stabilized emulsions, whereas remained constant for noninteracting droplets including gelatin gels with Tweenstabilized emulsions and k-carrageenan gels with WPI-stabilized emulsions. [START_REF] Van Vliet | Rheological properties of filled gels. Influence of filler matrix interaction[END_REF] studied dynamic moduli of casein gels and polyvinyl alcohol (PVA)-Congo red gels filled with particles as a function of filler type and volume fraction of fillers. He showed that if there was no interaction between the fillers and gel matrix, the modulus decreased with increasing volume fraction of the filler for both the filled PVA and the filled casein gels.

Droplet volume fraction can be influenced by distribution of the droplets in the gel matrix (Oliver et al., 2015). Flocculated state of droplets within the gel matrix causes a higher effective volume fraction of filler as compared with single droplets due to the matrix entrapped within the flocculated droplets. For an emulsion gel system with bound and flocculated droplets, a higher effective volume fraction results in greater values of viscoelastic parameters [START_REF] Chen | Viscoelastic properties of protein-stabilized emulsions: effect of protein-surfactant interactions[END_REF][START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF]. van [START_REF] Van Vliet | Rheological properties of filled gels. Influence of filler matrix interaction[END_REF] reported that the increase in elastic moduli, as a function of the volume fraction of fillers, for casein gels containing active fillers (milk fat globules) was much greater than expected. He explained that during the gel formation process, the milk fat globules became flocculated. Since the volume of such a flocculated particle composed of fat globules was greater than the sum of the volumes of individual globules, the effective volume fraction of dispersed fat globules was enhanced which led to a higher elastic moduli of the filled casein gels.

Similar trends of effect of the increased effective volume fraction of dispersed phase on elastic modulus of gels, induced by droplet flocculation, have been reported for heat-set whey protein emulsion gel systems [START_REF] Chen | Viscoelastic properties of protein-stabilized emulsions: effect of protein-surfactant interactions[END_REF] and soy protein emulsion gel systems [START_REF] Kim | Rheological properties of soybean protein isolate gels containing emulsion droplets[END_REF].

In terms of filler size, smaller average particle sizes tend to enhance the filler effect due to an increase in surface area-to-volume ratio and in the number of filler particles which reduces distance between droplets (Dickinson & Chen, 1999;[START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. Several studies conducted on large deformation and fracture properties of emulsion gels have indicated that, at a constant volume fraction, gel strength increases as the size of active fillers decreases. For example, in the case of soybean protein isolate gels containing oil droplets stabilized by soy protein and WPI gels containing emulsions stabilized by WPI, as well myofibrillar protein (MP) gels containing MPcoated oil droplets, lowering of the oil droplet size resulted in a higher gel strength for gels [START_REF] Kim | Rheological properties of soybean protein isolate gels containing emulsion droplets[END_REF][START_REF] Yost | Properties of acidic whey protein gels containing emulsified butterfat[END_REF][START_REF] Wu | Rheology and microstructure of myofibrillar proteinplant lipid composite gels: effect of emulsion droplet size and membrane type[END_REF]). On the other hand, for gels containing emulsions stabilized by SDS, Tween 20 and Triton X-100, i.e. inactive filler particles, no effect of the droplet size on gel strength was observed [START_REF] Mcclements | Effect of emulsion droplets on the rheology of whey protein isolate gels[END_REF]. [START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF] found that the effect of a decrease in the size of oil droplet on the Young's modulus of gels with non-flocculated bound droplets and that of gels with droplets unbound to the matrix was according to the van der Poel theory, unless when the droplets were flocculated.

Van der Poel theory can predict the shear modulus of filled gels for a given moduli of gel matrix (G′matrix) and filler particles (G′filler), provided that the filler particles are assumed to behave as bound fillers, and also be non-interacting with each other [START_REF] Geremias-Andrade | Rheology of emulsion-filled gels applied to the development of food materials[END_REF]. The theory expresses when the filler particles are more rigid than the gel matrix (Gfiller > Gmatrix), the shear modulus of the filled gel is higher than that of the matrix, whereas a reversed trend is predicted for the situation of Gfiller < Gmatrix [START_REF] Geremias-Andrade | Rheology of emulsion-filled gels applied to the development of food materials[END_REF][START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF]. To calculate the modulus of gels containing unbound fillers, a modification of the van der Poel theory was proposed by [START_REF] Van Vliet | Rheological properties of filled gels. Influence of filler matrix interaction[END_REF] via setting the filler modulus to zero. On the basis of this theory, [START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF] demonstrated that for gels with non-flocculated bound fillers, e.g. gelatin gels containing emulsions stabilized by WPI, a decrease of the filler size caused stiffening of the fillers and, therefore, results in an increase of the Young's modulus of filled gels. In the case of unbound droplets (k-carrageenan gels with WPI-stabilized emulsions and gelatin gels with Tween-stabilized emulsions), he reported that droplet size alterations exerted no effect on the Young's modulus of gels which corroborates the approximation of setting the effective modulus of unbound droplets to zero [START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF]. In gel systems containing flocculated bound droplets, if the flocs modulus is greater than the modulus of the gel matrix, larger flocs can induce an enhanced effective volume of the fillers, resulting in an increase of the filled gel modulus, whereas the opposite trend may occur for gels containing the flocs with a lower modulus than that of the matrix [START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF].

Solid fat content

Replacement of a liquid oil by a solid fat in an emulsion leads to an increased stiffness of the emulsion-filled gel (Oliver et al., 2015). The modulus of droplets with solid fat content is enhanced by the presence of a fat crystal network which is formed due to aggregation of crystals via van der Waals attraction [START_REF] Kloek | Structure of fat crystal aggregates[END_REF][START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. Oliver et al., (2015) investigated alteration in rheological behaviour of emulsion-filled gels when a high saturated solid fat is replaced by unsaturated liquid oil. They demonstrated that the hardness of the fat phase formed inside the emulsion droplets increases the modulus of the emulsion gel. Therefore, gels comprising droplets with a higher solid fat content possess larger modulus values than those containing droplets of liquid oil (Oliver et al., 2015). Furthermore, partial coalescence phenomena can occur when fat crystals located near the interface protrude into the aqueous phase, pierce the film separating two droplets and penetrate into the oil phase of adjacent droplets. This causes the droplets to stay flocculated [START_REF] Leal-Calderon | Emulsion science: basic principles[END_REF][START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. As a consequence, the effective volume fraction of droplet increases, which can stiffen the emulsion gel [START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF].

Matrix stiffness

As mentioned earlier, the modulus of gel matrix influences rheological properties of the emulsionfilled gel. Elastic modulus of the gel matrix is significantly affected by polymer concentration [START_REF] Geremias-Andrade | Rheology of emulsion-filled gels applied to the development of food materials[END_REF]. In a study on the rheological properties of emulsion-filled protein gels, [START_REF] Mao | Study on the rheological properties and volatile release of cold-set emulsion-filled protein gels[END_REF] reported that gels with a higher protein content had a higher storage modulus and showed a higher force and strain at breaking, which was attributed to formation of a more compact gel network. [START_REF] Soltani | Two-step sequential cross-linking of sugar beet pectin for transforming zein nanoparticle-based Pickering emulsions to emulgels[END_REF] demonstrated that pectin gels containing Pickering emulsions became harder with increasing pectin content. They also reported that gelation time was shorter at a higher content of pectin. Increasing the gelling agent concentration causes polymer chains to come closer together, resulting in a reduction in the number of voids in the matrix and formation of more bonds between structural elements. This increases the elastic modulus of gel matrix (Oliver et al., 2015;[START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. The type of polymer utilized as gelling agent can influence matrix stiffness. In a study by [START_REF] Lorenzo | Rheological analysis of emulsion-filled gels based on high acyl gellan gum[END_REF], two types of gellan (high and low-acyl versions) were used as gelling agent to produce emulsion-filled gels. The authors reported that only high acyl gellan formed stable emulsion gels. The emulsion gels formulated by low acyl gellan remained fluid for a longer time, which allowed oil droplets to cream. Emulsion-filled gels based on high acyl gellan gum exhibited a "strong gel-like" behavior with a frequency-independent storage modulus [START_REF] Lorenzo | Viscoelastic characterization of fluid and gel like food emulsions stabilized with hydrocolloids[END_REF].

Interfacial ageing

Age of the interfacial layer of biopolymers influences the extent of the reinforcing effect of the fillers [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF]. [START_REF] Chen | Interfacial ageing effect on the rheology of a heat-set protein emulsion gel[END_REF] studied the interfacial ageing effect of protein monolayer around the droplets on the viscoelasticity of a heat-set protein emulsion gel. In this study β-lactoglobulin-stabilized emulsions were made and then either mixed immediately with whey protein isolate or left for up to few days before mixing and thermal processing. They found that the aged monolayer had weaker chemical affinity for the gel matrix leading to less influence on increasing the viscoelasticity of the final gel. The loss of interfacial reactivity was attributed to rapid conformational changes in the adsorbed protein structure, leading to formation of lateral intra-layer cross-links between adsorbed protein molecules and correspondingly a reduction in cross-links between the adsorbed proteins and the proteins of the gel matrix [START_REF] Chen | Interfacial ageing effect on the rheology of a heat-set protein emulsion gel[END_REF][START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF].

Water-holding capacity

Water-holding capacity of emulsion-filled gels is related to their microstructural properties [START_REF] Line | Cold gelation of β-lactoglobulin oilin-water emulsions[END_REF]. Two different types of microstructure can be distinguished for the gel matrix of emulsion-filled gels: particulate and fine-stranded gel matrixes (Fig. 3) [START_REF] Gwartney | Sensory texture and mechanical properties of stranded and particulate whey protein emulsion gels[END_REF].

Particulate gel matrixes consist of a three-dimensional network of rather large aggregates composed of numerous biopolymer molecules. These highly aggregated gels possess coarser network structures with large pores between the polymeric aggregates, which makes them prone to syneresis because it is not possible to hold water tightly by capillary forces [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF].

Particulate gels of globular proteins are formed at pH values close to the iso-electric point of protein or at high salt concentrations [START_REF] Nicolai | Controlled food protein aggregation for new functionality[END_REF]. In fine-stranded gels, biopolymer molecules build up thin filaments and have a low tendency to aggregate further [START_REF] Hermansson | Structuring water by gelation[END_REF]. For these finer gel matrixes, smaller and more homogenous pore sizes mean that the water are held tightly by capillary forces and cannot be pressed out [START_REF] Bryant | Molecular basis of protein functionality with special consideration of cold-set gels derived from heat-denatured whey[END_REF][START_REF] Hermansson | Structuring water by gelation[END_REF]. Gels formed by a large number of hydrocolloids such as pectin, agar, gelatin, gellan, alginate, etc. have fine-stranded structure. In the case of globular proteins, fine stranded gels are formed at low ionic strengths and pH values significantly far from the isoelectric point of protein [START_REF] Nicolai | Controlled food protein aggregation for new functionality[END_REF]. Under these conditions, protein molecules do not undergo extensive aggregation owing to the strong electrostatic repulsion between them [START_REF] Bryant | Molecular basis of protein functionality with special consideration of cold-set gels derived from heat-denatured whey[END_REF]. A number of factors can influence the matrix microstructure of emulsion gels such as oil concentration, polymer concentration, ionic strength and thermal treatment [START_REF] Line | Cold gelation of β-lactoglobulin oilin-water emulsions[END_REF][START_REF] Mao | Study on the rheological properties and volatile release of cold-set emulsion-filled protein gels[END_REF]. Increasing the concentration of oil droplets acting as bound fillers decreases emulsion gel syneresis. Bound fillers, as an integrated part of the gel matrix, diminish the effective pore size of gel network and obstruct micro-channels, thereby leading to a reduction in water release when pressure is applied to the gel [START_REF] Boutin | Characterization and acid-induced gelation of butter oil emulsions produced from heated whey protein dispersions[END_REF][START_REF] Line | Cold gelation of β-lactoglobulin oilin-water emulsions[END_REF].

Emulsion gels with a higher polymer content have a higher water-holding capacity due to formation of a more compact gel network with lower permeability. [START_REF] Boutin | Characterization and acid-induced gelation of butter oil emulsions produced from heated whey protein dispersions[END_REF] reported that the syneresis of WPI emulsion gels was significantly affected by whey protein concentration.

The effect of polymer content on syneresis of emulsion-filled gels is more pronounced than that of oil, which is probably due to the water-binding sites that exist on biopolymer chains [START_REF] Mao | Study on the rheological properties and volatile release of cold-set emulsion-filled protein gels[END_REF].

Gel structure and water-holding capacity can be affected by calcium ion level. A mixture of Na + (25 mM NaCl) and Ca 2+ (10 mM CaCl2) caused formation of particulate heat-set WPI emulsion gels at pH 7.0 in comparison to Na + (25 mM NaCl) that produced stranded gels [START_REF] Gwartney | Sensory texture and mechanical properties of stranded and particulate whey protein emulsion gels[END_REF]. The particulate emulsion gel held less water than the stranded gel. Similarly, [START_REF] Line | Cold gelation of β-lactoglobulin oilin-water emulsions[END_REF] observed that an increase in Ca 2+ level from 11.7 to 68.3 mM changed the cold-set β-lactoglobulin emulsion gel microstructure from fine-stranded, with small pore size, to particulate microstructure comprising larger protein aggregates and larger pores. Gel microstructure is also affected by thermal treatment before or after emulsification. The water holding capacity of coldset soy protein isolate (SPI) emulsion gels induced by CaCl2 and glucono-δ-lactone was enhanced by thermal treatment after emulsification, whereas thermal treatment before emulsification led to a slight decrease in water-holding capacity. Thus, formation of protein aggregates before emulsification was not in favor of gel microstructure, whereas thermal treatment after emulsification leading to unfolding and aggregation of proteins adsorbed at the oil-water interface improved the microstructural properties of emulsion gels. The improvement was a consequence of enhanced inter-droplet interactions and interactions between adsorbed and unadsorbed proteins [START_REF] Tang | Mechanical and water-holding properties and microstructures of soy protein isolate emulsion gels induced by CaCl2, glucono-δ-lactone (GDL), and transglutaminase: Influence of thermal treatments before and/or after emulsification[END_REF]. Heat treatment duration and temperature is significant because they influence protein aggregation extent [START_REF] Torres | Emulsion microgel particles: novel encapsulation strategy for lipophilic molecules[END_REF]. A stronger thermal treatment causes a more significant denaturation and more exposure of hydrophobic domains, thereby leading to extensive aggregation of protein molecules [START_REF] Ruffin | The impact of whey protein preheating on the properties of emulsion gel bead[END_REF].

Emulsion particulate gels

Controlled clustering of droplets can be utilized to produce emulsion gel systems with particle gel microstructures [START_REF] Bremer | Formation, properties and fractal structure of particle gels[END_REF][START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF]. A particle gel consists of a collection of aggregated particles, which occupy the enclosing volume, forming a continuous three-dimensional network (Fig. 4) [START_REF] Bremer | Fractal aggregation in relation to formation and properties of particle gels[END_REF][START_REF] Sala | Food gels filled with emulsion droplets: linking large deformation properties to sensory perception[END_REF]. It is noteworthy that some authors use the terms aggregation and flocculation interchangeably, whereas others distinguish between the two terms. Nonetheless, the distinction has not a significant practical importance [START_REF] Dickinson | Flocculation of protein-stabilized oil-in-water emulsions[END_REF]. Here, the term 'flocculation' may be replaced by 'aggregation' without significant loss of meaning. Rheology of a particle gel can be mainly affected by strength of interaction forces between the particles and also deformability of the particles [START_REF] Bremer | Fractal aggregation in relation to formation and properties of particle gels[END_REF][START_REF] Walstra | Physical chemistry of foods[END_REF]. In the case of oil droplets, deformability is determined by the Laplace pressure within the droplet (Oliver et al., 2015). It has been reported that when particles are less deformable and the strands of aggregated particles are less flexible and curved, it will result in smaller fracture strains for emulsion gels [START_REF] Van Vliet | Rheology and fracture mechanics of foods[END_REF].

Based on the nature of the interactions between the droplets, aggregation and gelation of emulsion droplets may be strong and irreversible or weak and reversible [START_REF] Dickinson | Flocculation of protein-stabilized oil-in-water emulsions[END_REF][START_REF] Petsev | Mechanisms of emulsion flocculation[END_REF][START_REF] Petsev | Emulsions: structure, stability and interactions[END_REF].

Irreversible aggregation

In irreversible aggregation and gelation, droplets stick together very strongly and form permanent fractal-type flocs [START_REF] Dickinson | Structure and rheology of simulated gels formed from aggregated colloidal particles[END_REF][START_REF] Genovese | Shear rheology of hard-sphere, dispersed, and aggregated suspensions, and filler-matrix composites[END_REF]. These flocs grow large enough to join together and ultimately form large interconnected macroscopic networks [START_REF] Blijdenstein | Control of strength and stability of emulsion gels by a combination of long-and short-range interactions[END_REF][START_REF] Dickinson | Structure and rheology of simulated gels formed from aggregated colloidal particles[END_REF]. The resulting structure of the flocs is related to aggregation mechanisms and the interparticle interactions (Tirado-Miranda, Rodríguez-Valverde, Schmitt, Callejas-Fernández, & Fernandez-Barbero, 2009). Two idealized mechanisms of particle aggregation considered for irreversible processes are diffusion-limited cluster aggregation (DLCA) and reaction-limited cluster aggregation (RLCA) [START_REF] Bremer | Formation, properties and fractal structure of particle gels[END_REF][START_REF] Dickinson | Structure and rheology of simulated gels formed from aggregated colloidal particles[END_REF][START_REF] Djabourov | Physical gels from biological and synthetic polymers[END_REF]. In the case of DLCA model, repulsive forces are negligible and every collision between particles or clusters leads to irreversibly attachment upon contact [START_REF] Bremer | Fractal aggregation in relation to formation and properties of particle gels[END_REF][START_REF] Turgeon | Protein+ polysaccharide coacervates and complexes: from scientific background to their application as functional ingredients in food products[END_REF]. Such a fast aggregation process results in more open and porous flocs of lower fractal dimension because of little time for rearrangement of the flocs [START_REF] Bremer | Fractal aggregation in relation to formation and properties of particle gels[END_REF][START_REF] Grassi | Understanding drug release and absorption mechanisms: a physical and mathematical approach[END_REF]. In the RLCA model, particles still possess a small but nonnegligible repulsive barrier that must be overcome before the particles irreversibly join together [START_REF] Del Gado | Colloidal gelation[END_REF]. Since particles do not immediately stick and the aggregation rate is slower, the particles can diffuse further within a growing aggregate which results in more interpenetrated and compact flocs with higher fractal dimension [START_REF] Bremer | Fractal aggregation in relation to formation and properties of particle gels[END_REF][START_REF] Del Gado | Colloidal gelation[END_REF][START_REF] Grassi | Understanding drug release and absorption mechanisms: a physical and mathematical approach[END_REF]. In a polymer-stabilized emulsion, when approximately all the available gelling polymer is located at the interface and only a trace amount of excess polymer exists in the continuous aqueous phase, flocculation and gelation can occur through direct links between polymers located at different droplet surfaces [START_REF] Chen | Interfacial ageing effect on the rheology of a heat-set protein emulsion gel[END_REF]. As a consequence, a particle gel with polymer-coated emulsion droplets comprising the primary structural units is formed. Some of the most common physico-chemical processes used to induce irreversible flocculation and gelation of polymer-coated droplets are explained below.

Altering pH and ionic strength

For electrostatically stabilized emulsions fabricated by using electrically charged emulsifiers, e.g., ionic surfactants, proteins, or polysaccharides, flocculation can be induced by changing pH and ionic strength of the surrounding aqueous phase or by binding divalent ions especially Ca 2+ to adsorbed emulsifier molecules [START_REF] Dickinson | Flocculation of protein-stabilized oil-in-water emulsions[END_REF][START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. In protein-stabilized emulsions, the net charge on the protein is relatively low upon approaching the isoelectric point and the electrostatic repulsion forces between the droplets are no longer sufficiently strong to prevent droplets from getting close together, leading to flocculation. Chen, [START_REF] Chen | Rheology of acid-induced sodium caseinate stabilized emulsion gels[END_REF] and also Chen and Dickinson (2000) produced sodium caseinate emulsion gels through acidification of sodium caseinate stabilized emulsions by adding glucono-δ-lactone. Large deformation behavior of the produced emulsion gels was more like a typical particle gel which includes short linear viscoelastic region and shear-weakening behavior beyond the linear region [START_REF] Chen | Interfacial ageing effect on the rheology of a heat-set protein emulsion gel[END_REF], 2000;Chen et al., 1999). An increase in ionic strength of the surrounding solution under influence of concentration and valence of the ions leads to a progressive screening of the electrostatic repulsion between droplets, which results in flocculation [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. [START_REF] Tang | Cold, gel-like soy protein emulsions by microfluidization: emulsion characteristics, rheological and microstructural properties, and gelling mechanism[END_REF] prepared gel-like soy protein emulsions by means of microfluidization at appropriate NaCl concentrations. They demonstrated that attractive interdroplet interactions and subsequently, the extent of droplet flocculation increased due to electrostatic repulsion screening of charged groups of the adsorbed proteins by the salt. The minimum amount of electrolyte required to induce flocculation, defined as critical flocculation concentration (CFC), decreases with increasing the valence of the counter ions and decreasing the surface potential of droplets [START_REF] Tadros | Applied Surfactants: principles and applications[END_REF].

Monovalent counter-ions screen electrostatic interactions but do not change the surface charge density or isoelectric point of charged emulsion droplets; whereas, multivalent counter-ions, in addition to being more effective in charge screening, alter the surface charge density and isoelectric point of emulsion droplets by binding to the surface of droplets [START_REF] Guzey | Formation, stability and properties of multilayer emulsions for application in the food industry[END_REF][START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. Thereby multivalent counter-ions are particularly efficient at lowering flocculation stability of the electrostatically stabilized emulsions than monovalent counter-ions [START_REF] Mcclements | Protein-stabilized emulsions[END_REF].

Thermal processing

In the case of emulsions stabilized by globular proteins, hydrophobic interactions play a significant role in determining the flocculation stability [START_REF] Mcclements | Food emulsions: principles, practices, and techniques[END_REF]. It has been shown that surface denaturation at relatively low temperatures (below 65°C) and unfolding at thermal denaturation temperature of adsorbed globular proteins after emulsification can cause exposure of hydrophobic segments, which leads to flocculation of emulsion droplets by thermal treatment or ageing, depending on the content of non-adsorbed protein and ionic strength [START_REF] Dickinson | Flocculation of protein-stabilized oil-in-water emulsions[END_REF]. [START_REF] Dickinson | Heat-set whey protein emulsion gels: role of active and inactive filler particles[END_REF] produced heat-set whey protein-stabilized emulsion gels behaving more like particle gels at oil volume fractions more than 30 %.

Bridging flocculation

Formation of bridges between polymers either during emulsification or after it can result in emulsion droplets flocculation [START_REF] Dickinson | Flocculation of protein-stabilized oil-in-water emulsions[END_REF]. Bridging flocculation during emulsification occurs when concentration of a polymer used as emulsifier is insufficient to completely cover the interface and hence the same polymer adsorbs simultaneously onto more than one droplet. This leads to formation of "bridges" or "links" between oil droplets [START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF][START_REF] Pal | Rheology of emulsions containing polymeric liquids[END_REF].

After emulsification, bridging flocculation and gelation can be induced by mixing an emulsion containing electrically charged polymer-coated droplets with a solution of oppositely charged polymers at a concentration below that required for total surface coverage [START_REF] Dickinson | Effect of ι-carrageenan on flocculation, creaming, and rheology of a protein-stabilized emulsion[END_REF]. [START_REF] Simo | Novel strategies for fabricating reduced fat foods: heteroaggregation of lipid droplets with polysaccharides[END_REF] prepared emulsion-based gel systems by addition of pectin solution to emulsions containing β-lactoglobulin-coated lipid droplets at pH values lower than the isoelectric point of β-lactoglobulin (pI≈5) where the droplets were positively charged and the pectin molecules were negatively charged. Consequently, pectin molecules were attracted to the surfaces of protein-coated droplets leading to droplet aggregation and gel formation by a bridging flocculation mechanism [START_REF] Simo | Novel strategies for fabricating reduced fat foods: heteroaggregation of lipid droplets with polysaccharides[END_REF]. If the protein-coated droplets are fully covered by added anionic polymers, then bridging flocculation is replaced by a restabilization mechanism arising from the electrostatic and steric repulsion between the droplets [START_REF] Dickinson | Effect of ι-carrageenan on flocculation, creaming, and rheology of a protein-stabilized emulsion[END_REF].

Enzyme treatment

The enzyme transglutaminase (glutaminyl-peptide γ-glutamyltransferase, EC 2.3.2.13) can covalently cross-link most proteins through the formation of ɛ-(γ-glutamyl)lysine bridges [START_REF] Matsumura | Filler effects of oil droplets on the viscoelastic properties of emulsion gels[END_REF][START_REF] Zeeb | Stabilization of food dispersions by enzymes[END_REF]. Flexible proteins such as gelatin and casein are good substrates for this enzyme, while globular proteins, in native state, are poor substrates owing to their compact structure which limits the accessibility of enzyme to the target glutamine and lysine residues [START_REF] Lim | Formation and properties of egg white protein films and coatings[END_REF].

Aggregation of droplets in a protein-stabilized oil-in-water emulsion is conveniently achieved using transglutaminase treatment through crosslinking between protein molecules adsorbed on different droplets [START_REF] Chanyongvorakul | Polymerization of β-lactoglobulin and bovine serum albumin at oil-water interfaces in emulsions by transglutaminase[END_REF]. In systems of high volume fraction with sufficiently extensive crosslinking, the liquid-like emulsion will be converted into an emulsion gel [START_REF] Dickinson | Enzymic crosslinking as a tool for food colloid rheology control and interfacial stabilization[END_REF]. Dickinson and Yamamoto (1996a) produced transglutaminase-induced milk protein gels and emulsion gels and as well, compared rheological properties of these systems with those of the equivalent heat-induced gels and emulsion gels. They found that, for protein gels (no oil droplets) the enzymatic treatment made a stronger gel than the heat processing while for the emulsion gels, the opposite trend was observed. The authors explained that these differences in rheological behavior was due to the presence of unbreakable crosslinks in the enzyme-treated system imposing topological constraints, which prevents some adsorbed protein molecules from making crosslinks with other adsorbed protein molecules and limits further strengthening of the network via subsequent structural rearrangements in the emulsion gel (Dickinson & Yamamoto, 1996a).

3.1.5. High-pressure processing Flocculation and gelation of concentrated emulsions stabilized by globular proteins can be induced by the application of high pressure [START_REF] Dickinson | Rheology and flocculation of high-pressure-treated βlactoglobulin-stabilized emulsions: comparison with thermal treatment[END_REF]. As with thermal treatment, pressure processing can denature globular proteins and lead to aggregation [START_REF] Galazka | Influence of high pressure processing on protein solutions and emulsions[END_REF]. The effect of pressure on proteins is rather complex and depends on the protein structure, pH, ionic strength, solvent composition and pressure processing conditions such as temperature, the magnitude and duration of the applied pressure [START_REF] Dumay | High-pressure unfolding and aggregation of β-lactoglobulin and the baroprotective effects of sucrose[END_REF][START_REF] Galazka | Influence of high pressure processing on protein solutions and emulsions[END_REF]. It has been found that intramolecular hydrophobic and electrostatic interactions are affected by pressure but hydrogen bonds are virtually insensitive to the applied pressure [START_REF] Galazka | Influence of high pressure processing on protein solutions and emulsions[END_REF][START_REF] Messens | The use of high pressure to modify the functionality of food proteins[END_REF]. This means that the tertiary and quaternary structure of globular proteins are disrupted while their secondary structure is relatively unaffected [START_REF] Singh | Interactions and functionality of milk proteins in food emulsions[END_REF].

Dickinson and James (1998) produced β-lactoglobulin-stabilized emulsion gels through application of high pressure and thermal treatment. They reported that maximum values of elastic moduli for emulsion gels fabricated by thermal treatment (Tmax = 80 °C) can be some 2-3 orders of magnitude higher than for those fabricated by high-pressure treatment (Pmax = 800 MPa). It was found that the emulsion gel made by severe high-pressure processing (800 MPa for 60 min) can possess viscoelastic properties that are almost the same as those for the equivalent emulsion gel made by mild thermal treatment (65°C for 5 min). Therefore, high-pressure processing can be considered as a milder treatment in comparison with thermal treatment [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Dickinson | Rheology and flocculation of high-pressure-treated βlactoglobulin-stabilized emulsions: comparison with thermal treatment[END_REF].

Reversible aggregation

In reversible aggregation and gelation, emulsion droplets stick together by moderately weak forces to form a transient network possessing viscoelastic properties of a weak gel-like solid [START_REF] Dickinson | Structure and rheology of simulated gels formed from aggregated colloidal particles[END_REF][START_REF] Genovese | Shear rheology of hard-sphere, dispersed, and aggregated suspensions, and filler-matrix composites[END_REF]. It was found that in systems containing high concentrations of oil and polymer, a weak and reversible particle gel network can be formed by the mechanism of depletion flocculation even without further processing [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Dickinson | Depletion flocculation of emulsions containing unadsorbed sodium caseinate[END_REF].

Depletion flocculation tends to occur when there is excess unadsorbed colloidal particles, such as polymer molecules or surfactant micelles in the continuous phase [START_REF] Dickinson | Emulsion gels: The structuring of soft solids with protein-stabilized oil droplets[END_REF][START_REF] Mcclements | Biopolymers in food emulsions[END_REF]. In such systems, as two droplets approach each other, there will be a point where there is no longer space for unadsorbed colloidal particles between the droplets [START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF].

The exclusion of the colloidal particles from this narrow region between two droplets gives rise to an osmotic pressure gradient driving solvent molecules out of this area into the bulk liquid in order to dilute the surrounding colloid-rich solution. These entropic exclusion and osmotic effect result in a net attraction between the droplets causing flocculation [START_REF] Appelqvist | Emulsions as delivery systems in foods[END_REF][START_REF] Mcclements | Comments on viscosity enhancement and depletion flocculation by polysaccharides[END_REF]. [START_REF] Dickinson | Depletion flocculation of emulsions containing unadsorbed sodium caseinate[END_REF] investigated the influence of unadsorbed protein on the stability of emulsions prepared with sodium caseinate. They demonstrated that in emulsions containing relatively high concentrations of both protein and oil, a weak particle gel network was formed by depletion flocculation of oil droplets due to caseinates remaining unadsorbed and forming sub-micelles in the aqueous phase. In a study on formation of emulsion-based gel-like materials, [START_REF] Simo | Novel strategies for fabricating reduced fat foods: heteroaggregation of lipid droplets with polysaccharides[END_REF] showed that mixing an emulsion containing β-lactoglobulin-coated lipid droplets with a pectin solution under conditions where the droplets and pectin molecules had similar charges (i.e., at pH 7) can induce depletion flocculation and gel network formation above a critical pectin concentration. It was ascribed to the presence of pectin molecules, which are not attracted to the droplet surfaces.

Heteroaggregation

In contrast to aggregation of similar colloidal particles (homoaggregation) in single-particle systems, heteroaggregation phenomenon can occur between particles of different types in mixed particle systems [START_REF] Dickinson | Simple statistical thermodynamic model of the heteroaggregation and gelation of dispersions and emulsions[END_REF][START_REF] Lopez-Lopez | Stability of binary colloids: kinetic and structural aspects of heteroaggregation processes[END_REF]. For a binary emulsion system, in which each emulsion separately is stabilized electrosterically by biopolymers having different isoelectric points, heteroaggregation of oppositely charged droplets and also gelation of system may occur under certain conditions [START_REF] Dickinson | Simple statistical thermodynamic model of the heteroaggregation and gelation of dispersions and emulsions[END_REF]. In dilute mixed systems, discrete clusters of charged droplets with various sizes and structures are formed depending on the nature and ratio of the positive and negative droplets involved [START_REF] Dickinson | Simple statistical thermodynamic model of the heteroaggregation and gelation of dispersions and emulsions[END_REF][START_REF] Mao | Modulation of bulk physicochemical properties of emulsions by hetero-aggregation of oppositely charged protein-coated lipid droplets[END_REF], 2012a). In concentrated systems, created clusters extend all over the volume of the system which lead to the formation of particle gel network [START_REF] Dickinson | Simple statistical thermodynamic model of the heteroaggregation and gelation of dispersions and emulsions[END_REF][START_REF] Mao | Modulation of bulk physicochemical properties of emulsions by hetero-aggregation of oppositely charged protein-coated lipid droplets[END_REF]. [START_REF] Mao | Modulation of bulk physicochemical properties of emulsions by hetero-aggregation of oppositely charged protein-coated lipid droplets[END_REF] prepared gel-like mixed-protein emulsions based on heteroaggregation, through mixing an emulsion stabilized by β-lactoglobulin with another emulsion stabilized by lactoferrin. These two proteins possess different isoelectric points (β-lactoglobulin pI≈5 and lactoferrin pI≈8) resulting in oil droplets with different electrical charge versus pH profiles. Clusters were formed at pH values between the isoelectric points of the two single-protein emulsions where the two used proteins possessed opposite charges [START_REF] Mao | Modulation of bulk physicochemical properties of emulsions by hetero-aggregation of oppositely charged protein-coated lipid droplets[END_REF]. Formation of mixed particle gels through heteroaggregation approach can provide highly viscous products at lower fat contents than in the absence of heteroaggregation [START_REF] Mao | Influence of electrostatic heteroaggregation of lipid droplets on their stability and digestibility under simulated gastrointestinal conditions[END_REF].

Conclusions

Emulsion gel systems have advantages over conventional emulsions and hydrogels for certain applications, such as improved physical or chemical stability, texture modification, encapsulation of both lipophilic and hydrophilic components, and controlled release. Different methods by using several types of formulation additives have been employed for the manufacturing of emulsion gels.

Physicochemical properties of emulsion gels which play an important role in determining their functional performance, are affected by employed fabrication method and formulation. The embedding approach producing emulsion-filled gel systems allows the functional performance of the whole system e.g., the release of encapsulated components to be controlled via the manipulation of the composition, dimensions, permeability, and environmental responsiveness of the surrounding matrix. In situ-gelling approach provides injectable low viscosity fluids that can be introduced into the body prior to gelling within the desired tissue or organ. Clustering of droplets leading to formation of particle gels can be used to provide high viscosity and paste-like characteristics in some products or to control digestibility of lipids in the gastrointestinal tract.

Formation of mixed particle gels through heteroaggregation can be a useful approach of creating products with novel textural characteristics or decreased fat contents. As well, encapsulation of two or more different lipophilic components within a single delivery system may be achieved via heteroaggregation approach. Considering the wide range of potential applications of emulsion gels in pharmaceutical, cosmetic and food industries, more studies are required in order to know the most appropriate conditions and ingredients needed to obtain the systems with specific functional attributes. As well, there is a need to carry out more studies to provide better understanding what happens to the emulsion gel systems during complex processes occurring within the human body.

It could offer scientists the capability to design more effective functional systems with considering health-related aspects. 
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 1 Fig. 1. Schematic representation of two emulsion-filled gels. a) oil droplets behave as active filler particles, b) oil droplets behave as inactive filler particles.

Fig. 2 .

 2 Fig.2. Schematic representation of interactions between hydrophobically modified water-soluble polymers and surfactants. Inter-chain mixed aggregates formed at low surfactant concentration are progressively transformed into intra-chain mixed aggregates with increasing surfactant concentration[START_REF] Kronberg | Surface chemistry of surfactants and polymers[END_REF].
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 3 Fig. 3. Schematic representation of two different matrix structures of emulsion-filled gels.
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 4 Fig.4. Schematic representation of a) fractal clusters of aggregated particles, b) network of fractal clusters (particle gel).
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