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Abstract 

i 

Abstract 

It is known that the structure of the interfacial layer impacts the stability and the function of 

emulsions. Hierarchical emulsions, known as droplet-stabilized emulsions (DSEs), were made 

from nano-sized primary oil droplets that coated with protein particles for potentially advanced 

functionality. In this study, the primary droplets were made of either rigid (whey protein 

microgel, WPM) or soft protein (Ca2+-cross-linked caseinate, Ca-CAS) particles. The structure 

of the protein particles and primary droplets in solution and at the oil-water interface were 

characterised; the oil exchange process between the surface and core oil droplets were 

examined, using light scattering, microscopy, small angle scattering, ultra-small angle 

scattering techniques, etc. The emulsification capacity of the primary emulsion has been shown 

to be improved by using soft and flexible protein particles, resulting in small droplet sizes and 

smooth interfacial layers of the DSE. The droplet-stabilised interfacial layer has been shown 

to provide DSE a good stability against coalescence during gastric enzymatic hydrolysis, long-

term storage, and heating, as well as improved functionalities in the rate of the lipolysis during 

simulated intestinal digestion and the rheological properties at high oil content.  

Overall, this research provided new information on DSE physical-chemical properties and 

stability as affected by the structure of emulsifiers (protein particles and the subsequent primary 

droplets), digestion destabilisation, pH, storage time and temperature. The outcomes have 

potential for designing functional foods with improved active compound delivery and 

mechanical strength. 
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Chapter 1 Introduction 

Emulsions are typically a mixture of two immiscible liquid phases (e.g., oil and water), 

where one liquid phase is dispersed in the other as droplets of few nm to few µm size (Lu & 

Weitz, 2013). Emulsions are widely used in a range of applications, from petroleum, cosmetics, 

pharmaceuticals to foods (Raya et al., 2020; Tan & McClements, 2021; Yukuyama et al., 2016). 

During droplet formation, a large amount of interfacial area and interfacial free energy is 

generated as the droplet size decreases. To kinetically stabilize emulsion and prevent phase 

separation, emulsifiers (e.g., surfactants, proteins) are needed. Emulsifiers typically have 

amphiphilic properties, can rapidly adsorb to the interfaces between oil and water phases, 

reduce the interfacial tension, and form an interfacial layer on the droplet surface. 

The interfacial layer formed by proteins is typically several nanometres thick and can be 

regarded as a separate pseudo-phase of the emulsion, protecting the droplets from aggregation 

and coalescence through steric and/or electrostatic repulsions. Hence, the physicochemical 

properties and stability of emulsions are largely related to the composition and structure of the 

interfacial layer. A considerable amount of research has been done to understand these 

phenomena to rationalize the design of functional interfaces and to improve the performance 

of emulsions. Examples of recent advances in interfacial design for food emulsions include the 

development of multi-layered interfaces (Dickinson, 2011; Guzey & McClements, 2006), the 

chemical modification of adsorbing proteins (Delahaije et al., 2013), as well as particle-

stabilized interfaces (Dinsmore et al., 2002) to increase emulsion functionality. For the latter 

one, stabilising the interface with particles is an established approach commonly known as 

Pickering stabilisation.  
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A variety of particle emulsifiers have been developed, such as rigid and soft protein-based 

particles (e.g., whey protein microgels vs. casein particles) (Davidov-Pardo et al., 2015; 

Destribats et al., 2014; Li et al., 2013b; Li & Ngai, 2013; Lv et al., 2020; Shi et al., 2020; Su et 

al., 2018; Xu et al., 2020b; Yan et al., 2020; Zhang et al., 2021b), as well as solid  and soft 

lipid-based particles (e.g., fat crystals, tripalmitin, n-hexadecane) (Gupta & Rousseau, 2012; 

Liu & Tang, 2014; Pawlik et al., 2016; Sakellari et al., 2021; Ye et al., 2013b). It is known 

from previous studies that the soft gel particles show better emulsification performance than 

rigid particles (Richtering, 2012) and that the interfacial layer stabilised by soft protein particles 

or soft lipid particles (or known as primary droplet) (Guo et al., 2021; Wang et al., 2018; Ye et 

al., 2013b) is fully covered and denser than that by solid protein particles or solid lipid particles 

(Araiza-Calahorra & Sarkar, 2019; Destribats et al., 2014; Liu & Tang, 2014; Pawlik et al., 

2016; Sakellari et al., 2021). The primary droplet with casein micelle layer has been 

demonstrated to form a network structure at the interface (Ye et al., 2013b). Based on the 

hypothesis that soft droplets can deform and relax mechanical stresses better than solid particles, 

it is believed that soft primary droplets can bring new interfacial properties and potential 

functional advantages. However, to date, very few studies have been conducted on soft lipid 

particles (protein coated oil droplets). The mechanism of droplet-stabilised emulsion formation 

and their physicochemical properties in response to environmental conditions has not been 

fully understood. Therefore, there is still much to learn about designing new soft lipid particles 

used for interfacial modifications and potential functions.  

The overall aim of this study is therefore to provide in-depth characterisation of the 

properties of droplet-stabilised emulsion including the bulk emulsion’s characteristics (e.g., 

viscoelasticity), droplet characteristics (e.g., size and composition), and interfacial 

characteristics (e.g., composition, charge, thickness, and structure), as well as oil molecules 
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diffusion between droplets. Different protein structures are used to rationalise the design of 

new soft lipid particles, i.e., whey protein microgel coated primary droplets in Chapter 3 and 

casein particle coated primary droplets in Chapter 4 to Chapter 7 to obtain different interfacial 

structures in the resultant droplet-stabilised emulsion. The general process for preparing the 

droplet-stabilized emulsions is a 2-steps emulsification as shown in Figure 1-1, in which the 

primary droplet is produced by a high-pressure homogeniser and the finial droplet-stabilised 

emulsion is prepared by a high-speed rotor-station mixer/ultra-turax. 

 

Figure 1-1: Preparation of droplet-stabilized emulsions (DSE) by 2-steps emulsification.   
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The use of emulsion-based delivery systems for functional foods has also been developed 

in food applications, as emulsions are ideal carriers for a variety of micronutrients and provide 

controlled delivery during consumption and digestion (Tan & McClements, 2021). Oil-in-

water emulsions stabilised by soft droplets gave rise a novel interfacial layer structure and 

could potentially co-deliver two or more active substances in one vehicle (Hettiarachchi et al., 

2009; Sakellari et al., 2021). For utilising the hierarchical emulsion as delivery vehicles and 

control the release rate and site of the bioactive compounds, it is important to understand the 

mass transport between the adsorbed primary droplet and the core droplet.  

Droplet coalescence and Ostwald ripening are two well established mechanisms accounting 

for oil transfer between two droplets which involving droplet size increment over time. The oil 

molecules are generally considered to be isolated from adjacent droplets by thick surfactant or 

particle interfacial films as droplet coalescence and Ostwald ripening strongly hindered. 

However, a third mechanism of contact ripening (oil molecules transfer across the interface) 

has been reported in emulsion stabilised with sufficient surfactant loading when there are no 

coalescence and Ostwald ripening (Roger et al., 2015). Factors, such as the oil phase solubility 

in the aqueous phase (McClements & Dungan, 1993; Webster & Cates, 1998), collision and 

direct contact between droplets (Lee & Pozzo, 2019; Malassagne-Bulgarelli & McGrath, 2009; 

Roger et al., 2015) are reported to affect the oil exchange kinetics. By studying oil exchange in 

emulsions stabilised by primary droplets coated by protein particles, in Chapter 5, the 

understanding of the contact ripening mechanism will be extended to protein particle interfacial 

films. Previously, the oil exchange between droplets were studied using differential scanning 

calorimetry (DSC) to monitor the changes in crystallisation temperature (McClements et al., 

1992; McClements & Dungan, 1993). More recently, contrast-variation small-angle neutron 

scattering (CV-SANS) has been employed to determine the rate of oil exchange between 
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insoluble oil droplets (Lee & Pozzo, 2019; Roger et al., 2015). The unique advantage of CV-

SANS utilized as a molecular-transportation characterization techniques arises from the 

difference in neutron scattering length densities (SLDs) between hydrogenated and deuterated 

oil molecules (Gilbert, 2019; Lopez-Rubio & Gilbert, 2009). This allows researchers to directly 

observe oil composition changes in the droplet in situ without extensive sample preparations 

or additional molecular labelling. Therefore, advanced techniques of contrast-variation ultra-

small angle scattering (CV-USANS) and CV-SANS, along with microscopy and particle sizing 

techniques are used to measure oil composition in Chapter 5. In addition, the structure of 

particles and interfacial layer in Chapter 3 to Chapter 5 were also quantified using 

USANS/SANS, as well as using small-angle X-ray scattering (SAXS).  

During the digestion process, conventional simple emulsions stabilised with proteins are 

subjected to the destabilisation due to mechanical shear, acidification, enzymatic hydrolysis, 

and bile salt replacement of emulsifiers, resulting structure changes in disintegration, 

aggregation, coalescence, and droplet shrinkage. The structures (aggregation or coalescence) 

induced during gastric digestion destabilisation are affected by the protein structures and 

compositions at the interface, which in turn affect the rate of free-fatty acid release in the small 

intestinal digestion (Wang et al., 2019). Thus, by modifying the interfacial layer composition 

of emulsions from simply protein layer to droplet layer, it is possible to alter the emulsion 

droplet aggregation and coalescence behaviour in response to the acidification and enzymatic 

digestion, thereby affecting the rate of lipid digestion. However, information on the structural 

changes of droplet-stabilised emulsions during digestion is missing, and there is a need to fill 

this gap by studying the droplet stability and lipolysis kinetics of droplet-stabilised emulsion 

using in vitro dynamic gastric digestion model and in vitro static digestion (Chapter 6).  
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Concentrated emulsions, as a model system for semi-solid foods, have drawn increasing 

interests in investigating the relationship between the droplet characteristics and their 

rheological properties. Factors affecting the emulsion rheology and stability have been widely 

discussed in the literature. Typically, the volume fraction of the disperse phase, the droplet size 

distribution, the viscosity of both the dispersed and the continuous phases are usually applied 

to modify the bulk viscoelasticity of the emulsions. Nevertheless, the ratio between the 

interfacial layer thickness to the droplet diameter has been suggested to play an important role 

in influencing the effective volume faction of dispersed phase and the bulk viscoelasticity of 

the emulsion (Mason, 1999; Pal, 1996; Tadros, 1994). In the case where the interfacial layer 

consists of primary droplets, the thickness of the interfacial layer is expected to be significant, 

and the effective volume fraction of the dispersed phase is expected to increase. Furthermore, 

the possible deformation of the primary droplets and the interaction between the adsorbed 

primary droplets may affect the reconstruction of the spatial structure of the emulsion under 

shear. It is therefore worthwhile to fill this gap by investigating the rheological properties of 

emulsions stabilised with soft primary droplets (Chapter 7).
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Chapter 2 Literature review 

This chapter provides a review of emulsions formation, conventional emulsifiers, rigid and 

soft protein-based particle emulsifiers, solid and liquid lipid-based particle emulsifiers, 

emulsion rheology, mechanisms of emulsion instability, as well as techniques and methods 

used in the studies of emulsion structure, including microscopy, light scattering, and advanced 

small-angle scattering (SAS) techniques.  

2.1 Emulsion formation and interfaces 

An emulsion is a colloidal dispersion that consists of two immiscible phases such as water 

and oil. One phase exists as discrete droplets referred to as the dispersed phase, while the other 

phase that constitutes the surrounding liquid is called the continuous phase. Emulsion 

formation is a highly dynamic process that converts two separate immiscible liquid to a 

dispersion containing small droplets. In food emulsions, the droplet size generally ranges 

between 0.1 to 100 µm (McClements, 2015b). The breakdown of the oil phase is usually carried 

out using high-energy methods, for example, ultra-turraxing (Rotor-stator mixing, sonication, 

and high-pressure valve homogenizers. As the oil phase breaks down into small droplets, the 

total interfacial area in the system increases, and this interfacial area is related to the oil volume 

fraction and droplet size. The specific surface area, 𝐴𝑠𝑝𝑒𝑐 (m2/g oil), of the dispersed phase is 

generally large as several m2/g oil, which can be simply calculated from the droplet radius, 𝑅 

(µm), and the dispersed phase density, 𝜌 (g/mL), using equation (2-1) (Gallet et al., 2009):  

 
𝐴𝑠𝑝𝑒𝑐 =  

3

𝑅𝜌
 (2-1) 
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With the increased contact between the oil and water phase, the formed emulsions are 

thermodynamically unstable because the overall free energy in the system increases as shown 

in equation (2-2) (Walstra et al., 2005): 

 ∆𝐺 =  𝛾∆𝐴 (2-2) 

where 𝛾 (N/m) is the interfacial tension between the two immiscible phases and ∆𝐴 (m2) is 

the change in the surface area in the system.  

As shown in the equation (2-2), the high free energy is unfavourable, due to 𝛾 (N/m), 

between oil and water, because water molecules can form strong hydrogen bonds with other 

water molecules, but not with oil molecules. Thus emulsion tend to reduce the surface area, ∆𝐴 

(m2), between the two immiscible liquids by separating into a thermodynamic stable system 

made of an oil and water layers (Dalgleish, 1997; McClements, 2015a).  

To create a kinetically metastable emulsion that remains stable for a reasonable time (e.g., 

from a few days to several years) to provide the desired product quality during the shelf life, 

the addition of emulsifiers prior to homogenization is needed. Emulsifiers are surface-active 

molecules that adsorb onto the surface of the newly formed droplets during homogenization 

and form a protective layer preventing the droplets from coming close enough together to 

coalesce (Boyd et al., 1972; Dalgleish, 1997). Most emulsifiers are amphiphilic molecules 

having polar and nonpolar regions distributed on the same molecule. The amphiphilic 

molecules can adopt an orientation where the hydrophobic part adsorbs to the oil phase, while 

the hydrophilic part stays in water (Walstra et al., 2005; Zhai et al., 2011). The decrease in the 

contact between the oil and water molecules at the interface, reduces the interfacial tension. 

When the interfacial tension is lowered, the droplet break-up during homogenization is more 

favourable and smaller droplets are formed.  
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Depending on the hydrophilic-lipophilic balance (HLB) of the emulsifier in use, emulsion 

can be water-in-oil (W/O) or oil-in-water (O/W) systems (Aveyard et al., 1986; Boyd et al., 

1972). Emulsifiers with high HLB values are more hydrophilic and therefore more conducive 

to stabilizing O/W emulsions, while emulsifiers with low HLB values are more conducive to 

forming W/O emulsions. As most of the emulsifiers available for food applications are water-

soluble, O/W emulsion products are more abundant in food than W/O emulsions. Examples of 

food O/W emulsions include milk, infant formula, soups, salad dressings, ice cream, chocolate 

ganache, cream, and mayonnaise, which vary in oil content between 3-80 %. A typical example 

of W/O emulsion is margarine that usually contains high oil content of 80%. The various oil 

fractions of the emulsion contribute to a wide range of rheological properties of the product, 

which in turn affects its functional properties and practical applications (e.g., processability, 

stability, mouthfeel, and biological response) (Akbari & Nour, 2018; Camacho et al., 2015; Liu 

et al., 2019; Tadros, 2013b; van Aken et al., 2011; Zembyla et al., 2020; Zhu et al., 2019). 

2.2 Conventional emulsifiers 

Conventional emulsifiers used to stabilise food emulsions commonly fall into two main 

categories: low-molecular-weight emulsifiers (LMWEs) and amphiphilic biopolymers. 

LMWEs are small molecules (also known as surfactants) which can be natural or synthetic and 

they have molecular weights ranging from approximately 250 g/mol to approximately 1200 

g/mol (Kralova & Sjöblom, 2009; McClements & Gumus, 2016). Examples of synthetic food-

grade LMWEs are Tweens, Spans, and DATE, while LMWEs of natural origin (e.g., animal, 

plant, or microbial based) include saponins, glycolipids, and phospholipids (often available as 

lecithins). LMWEs typically have a hydrophilic head, which can be non-ionic but polar (e.g., 

Tween 20) or fully charged (e.g., lecithin), and a hydrophobic tail with at least one acyl chain. 

LMWEs are known to be particularly effective at reducing interfacial tension and are highly 
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mobile at the interface, so they can rapidly coverage the newly created oil-water interface 

during the emulsification process (Kralova & Sjöblom, 2009). Given their high interfacial 

activity, LMWEs are commonly used for small droplet or even nanoemulsion (< 100 nm) 

formation (Amagliani et al., 2022; Dammak et al., 2020). 

Most amphiphilic biopolymers used as food emulsifiers are proteins. Considerable studies 

on the interfacial behaviour of proteins in food emulsions are related to milk proteins (whey 

proteins and caseins) (Demetriades et al., 1997a, 1997b; Hu et al., 2003; Schröder et al., 2017) 

or to individual protein molecules (e.g., α-lactalbumin, β-lactoglobulin, αs-casein and β-casein) 

(Dickinson et al., 1988b, 1989; Zhai et al., 2011). Upon adsorption to the oil-water interface, 

the conformational change of many proteins occurs, which creates a two-dimensional network 

of protein aggregates in the interfacial layer that has sufficient mechanical strength to resist 

deformation and coalescence of the droplets (Beverung et al., 1999; Dickinson, 2003; 

McClements et al., 1993b; Monahan et al., 1996; Norde, 1986). Upon adsorption at the 

interface, soft and flexible β-casein experiences a rapid conformational change, whereas 

compact β-lactoglobulin may undergo a conformational rearrangement after adsorption over a 

longer time (Damodaran, 2006; Dickinson, 1992b; Wilde et al., 2004). The physical properties 

of protein-based interfacial layers in emulsions, such as thickness, viscoelasticity, and 

mechanical resistance, are influenced by the structure and flexibility of the proteins. For 

example, flexible and disordered proteins (such as caseins) form thicker but less dense 

interfacial layers at the oil-water interface, while rigid and globular proteins (such as β-

lactoglobulin) form dense interfacial layers (Dickinson, 1992b).  

The characteristics of interfaces stabilised by LMWEs and by proteins have been reported 

and compared in previous studies (Bos & Vliet, 2001; Tcholakova et al., 2008; Wilde et al., 

2004). The interfacial layer stabilised by LMWEs has been described as more close-packed, 
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and fluid than proteins, whereas proteins tend to form immobile, viscoelastic interfacial films 

(Dickinson, 1992b; Grigoriev & Miller, 2009; Wilde et al., 2004). The interface thickness is 

typically few nanometres for both types of emulsifiers (Dickinson, 2009; Singh, 2011), and the 

surface load is generally ∼1–2 mg/m2 for LWMEs and 2–3 mg/m2 for proteins (Bos & Vliet, 

2001). In real food emulsions, a mixture of LWMEs (Tween 20 or soy lecithin) and 

biopolymers (whey protein isolate, β-lactoglobulin, sodium caseinate, or β-casein) is usually 

used to form a finer emulsion. However, there is a competitive adsorption between proteins 

and LWMEs, and the LMWEs interfere with the viscoelastic protein-adsorbed layer, resulting 

in an emulsion with reduced stability (Mackie et al., 1996; MacKie et al., 1993; Mao et al., 

2009; Xue & Zhong, 2014). For example, emulsions stabilized by milk proteins tend to 

coalesce under turbulent shearing in the presence of Tweens, because the presence of surfactant 

increases the mobility of the interfacial layer and sensitivity to disruption (Dickinson et al., 

1993; Nambam & Philip, 2012). However, high hydrostatic pressure-induced flocculation in 

concentrated whey protein-stabilised emulsion can be reduced by the addition of Tween 20 

(Dickinson & James, 1999). The principle of competitive adsorption between LWME and 

biopolymers combined with processing conditions can be used as a mean to manipulate the 

microstructure of milk proteins stabilized emulsions. 

2.3 Particle emulsifiers 

Emulsions stabilised by particles and not conventional emulsifier molecules have been 

referred to as Pickering emulsions since the pioneering work of Ramsden (1904) (Ramsden, 

1904) and Pickering (1907) (Pickering, 1907). The similarities and differences between 

particles and conventional emulsifiers in emulsion stabilisation have been discussed intensively 

in the literature (Binks, 2002; Binks & Rodrigues, 2007; Dickinson, 2009; Tcholakova et al., 

2008). Regardless of the type of emulsifying agent, once the emulsion is made, the one major 
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factor determining its coalescence stability is the steric barriers between the droplet surfaces. 

When the concentration of the emulsifying agent is low and electrostatic interactions are largely 

suppressed, the initially formed droplets tend to coalesce rapidly, until their surfaces are 

sufficiently protected by a stabilizing layer of particles or molecules. This is usually 

accompanied by some bridging flocculation due to sharing of adsorbed particles or 

macromolecules amongst neighbouring droplets. At a high concentration of emulsifying agent, 

the inter-droplet repulsive interactions and the thickness of the stabilizing layer are sufficient 

to provide a stable emulsion (Dickinson, 2009). 

One of the major advantages of Pickering emulsion over conventional emulsion is the long-

term stability. For Pickering emulsion, three factors in generally govern the particles that reside 

at the interface forming a steric barrier that efficiently prevents the interfacial layer rupture: (1) 

particle size must be considerably small compared to the droplet size (Binks & Lumsdon, 1999); 

(2) particles should weakly flocculate to achieve efficient interfacial coverage (Aveyard et al., 

2003); (3) particles used must partially be wetted by both emulsion phases (Finkle et al., 1923). 

The position of a particle at the oil-water interface depends on its relative affinity for both 

phases, which can be characterized by the contact angle (noted θ, °),  as shown in Figure 2-1a 

(Binks, 2002). Particles will bend the interface toward their lower affinity phase, i.e., particles 

preferentially wetted by water are suitable for forming O/W emulsion, while particles 

preferentially wetted by oil are suitable for forming W/O emulsions (Figure 2-1b). The free 

energy of spontaneous desorption of particles (noted ΔGD, J) has been proposed to be related 

to θ, the interfacial tension (noted γ, N/m) as well as the particle radius (noted R, m) as shown 

in (2-3) (Aveyard et al., 2003; Berton-Carabin & Schroën, 2015; Binks, 2002; Chevalier & 

Bolzinger, 2013; Leal-Calderon & Schmitt, 2008): 
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 ∆𝐺𝐷 =  𝜋𝛾𝑟2(1 − |cos 𝜃|)2 (2-3) 

This means that, if θ is not too close to 0° (or 180°), the predicted value of ΔGD for a particle 

of colloidal size is large compared with the thermal energy (kBT, J) as depicted in Figure 2-1c; 

hence the particle is effective for permanent adsorption, giving the emulsion outstanding long-

term stability.  
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Figure 2-1: (a) Small spherical particle at a planar fluid-water interface for a contact angle 

(measured through the aqueous phase) less than 90° (left), equal to 90° (centre) and greater 

than 90° (right) [reprinted from Binks (2002), with permission by Elsevier]. (b) Corresponding 

probable positioning of particles at a curved fluid-water interface. For θ < 90°, solid-stabilized 

aqueous foams or O/W emulsions may form (left). For θ > 90°, solid-stabilised aqueous foam 

or W/O emulsions may form (right) [reprinted from Binks (2002), with permission by Elsevier]. 

(c) Desorption energy as a function of particle size, for oil-water interfacial tension of 50 mN/m 

or 25 mN/m, and particles with θ of 5°, 30°, or 90°. The grey dashed line represents the thermal 

energy at 25 °C (kBT, J) [reprinted from Berton-Carabin & Schroën (2015), with permission by 

Annual Reviews].  
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Assuming a monolayer of molecules or particles adsorbed at the interface, the thickness of 

the adsorbed layer is much greater for particles compared to that of conventional emulsifiers, 

given that the thickness of the interfacial layer is of a similar order of magnitude to the particles 

size. Accordingly, the surface load (mg/m2) for particle stabilised emulsion is also much larger 

as compared to the typical values for emulsion stabilised by conventional emulsifiers. Many 

studies have already demonstrated that the thick interfacial layer and high surface load of 

particle adsorption can improve the stability of emulsions against aging or heating compared 

to emulsions stabilised by molecules (Araiza-Calahorra & Sarkar, 2019; Destribats et al., 2014; 

Xu et al., 2019). For examples, the cryogenic scanning electron microscopy (cryo-SEM) 

observations of droplets stabilized by particles that formed with galactose glycated bovine 

serum albumin (gBSAs), showed that the surface was composed of rough particles (Figure 

2-2b), while that for the droplet surface stabilised by native BSA molecules (nBSAs) was 

smooth and featureless (Figure 2-2a) (Xu et al., 2020). The smooth surface for droplets 

stabilised by nBSAs is in good agreement with the fact that nBSAs experienced a dramatic 

structural unfolding and flattening upon adsorbing at the interface. As a result, a thin and 

homogeneous interfacial protein layer was formed. In contrast, gBSAs with strong structural 

integrity no distinct structural changes and deformation occurred when adsorbed at the 

interface, and the rigid gBSAs form a much thicker and rougher layer at the interface. Thus, 

the robust steric stabilisation of gBSAs thus greatly prevented droplets from the coalescence 

over 90 days of storage or when heated at 100 °C for 15min.  

Similar features of the droplet interface stabilised by molecules of whey protein isolate (WPI) 

and whey protein microgel particles (WPMs) have been reported using cryo-SEM observations 

(Araiza-Calahorra & Sarkar, 2019). The WPMs-stabilised interface (Figure 2-2d) features a 

discrete configuration with either individual particles or small aggregates forming a network 



Chapter 2  

16 

surrounding the bare interface, while the WPI-stabilised interfaces (Figure 2-2c) did not show 

any visible particle features as expected owing the small molecular size and structural 

deformation. In addition, the interfacial shear viscosity (mN. s/m) of the WPM emulsion is 

almost an order of magnitude higher than that with WPI-stabilisation after 24 h storage. The 

high interfacial shear viscosity values obtained for WPMs is indicative of strengthening of the 

interfacial films due to the presence of adsorbed particles.  
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Figure 2-2: Cryo-SEM images of the interface morphologies of (a and b) dodecane-in-water 

droplet stabilized by native bovine serum albumin molecules (nBSA) and by galactose glycated 

BSA particles (gBSA) at pH 7.0 [reprinted from Xu et al. (2020b), with permission by Elsevier]; 

of (c and d) medium-chain triglyceride-in-water droplet stabilized by whey protein molecules 

and whey protein microgel particles at pH 7.0 [reprinted from Araiza-Calahorra & Sarkar 

(2019), with permission by Elsevier].  

(a) (b) 

(c) (d) 
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One noteworthy point is that solid particle stabilization typically leads to large emulsion 

sizes and a tendency toward gravitational creaming (Yang et al., 2017). The size of the 

emulsified droplet is mainly determined by the interfacial tension under controlled 

hydrodynamic conditions of emulsification. The relevant value of the tension here is the 

dynamic value of slowly adsorbing particles rather than the equilibrium value of rapidly 

adsorbing small molecules (Araiza-Calahorra & Sarkar, 2019; Tcholakova et al., 2008). The 

slow adsorption of particles is given by their large size and the high (de)adsorption energy of 

particles. The high desorption energy of particle equation (2-3) implies that the adsorption of 

particle is non-spontaneous and requires overcoming an energy barrier, in contrast to 

conventional emulsifiers that can diffuse to the interface and adsorb spontaneously (Kaz et al., 

2012). This is possible if the kinetic energy of a particle approaching an interface is of the same 

order of magnitude as the energy barrier of adsorption (Salari et al., 2014). Despite the slow 

adsorption, the discrete and porous interfacial coverage by rigid particles also contribute to a 

relative higher interfacial tension due to more unfavourable interaction between oil and water 

molecules. 

Hence, it is appealing to develop Pickering stabilizers with several attractive features to 

enhance interfacial coverage and effectively decrease the interfacial tension, leading to small 

particle size, large specific area, fast diffusion and adsorption, good dispersion and deformable 

upon adsorption. Furthermore, to accommodate the need for long-shelf life foods and 

functional active compounds/drug delivery, particles of organic and biocompatible origin are 

more of interest rather than inorganic or synthesized particles (Corstens et al., 2017a; Du et al., 

2022; Jiao et al., 2018; Santos et al., 2021; Tan et al., 2014). 

To date, most of the studies on food-grade Pickering emulsifiers were conducted on plant-

based ingredients, including polysaccharides with surface modifications such as celluloses and 
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modified starches (Guida et al., 2021; Wang et al., 2020; Xu et al., 2020; Zhu, 2019), alcohol-

soluble plant proteins such as zein and gliadin and water-soluble plant proteins such as soy 

protein (Sarkar & Dickinson, 2020). The research on water-soluble proteins derived from milk 

is rather limited. Several studies has been conducted on milk globular proteins, such as 

lactoferrin (Wei et al., 2020) , bovine serum albumin (Dickinson, 1994b; Li et al., 2013b; Xu 

et al., 2020b), and whey protein (Araiza-Calahorra & Sarkar, 2019; Destribats et al., 2014; Lv 

et al., 2020; Zhao et al., 2021b); several studies have fabricated protein particles from casein 

or sodium caseinate by pH-precipitation and cross-linking (Shi et al., 2020; Yan et al., 2020; 

Zhang et al., 2021). The type of fabricated protein particles depends mainly on molecular 

properties of the protein and the manufacturing conditions used. Although there is also a 

growing interest in exploring various shape of protein-based Pickering emulsifier that go 

beyond spheres, the development of the spherical protein particles appears still as the 

mainstream, given their high specific surface area available for emulsification (Zhang et al., 

2021). 

In the last decade, small lipid particles coated with proteins or LWMEs have also been 

investigated for the potential use as Pickering emulsifiers (Lim et al., 2020; Pawlik et al., 2016; 

Sakellari et al., 2021; Schröder et al., 2018). A non-exhaustive list of particles fabricated from 

milk proteins for use in O/W Pickering emulsions is presented in Table 2-1, with examples of 

globular protein, random coils casein, as well as protein coated solid/soft lipid particles.  
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Table 2-1 Example of dairy-protein-based Pickering stabilizer for O/W emulsion applications a 

Type of 

protein 

 

Type of 

particle 

Particle preparation procedure Particle 

diameter and 

zeta-potential 

Aqueous phase 

conditions 

Type of lipid, 

volume fraction, 

and emulsification 

Droplet 

radius 

(µm) 

Reference 

Bovine 

Serum 

albumin 

(BSA) 

BSA glycated 

with galactose 

(gBSA) 

Maillard glycation at pH 7.0, 

60 °C for 6 – 48 hours 

6.5 nm 

 

-21 to -28 mV 

0.1 – 1.0 % w/w 

gBSA in water.  

pH 7.0 

20 to 93 % 

Dodecane, 

shearing at 5000 

rpm for 1 min 

30 – 60 Xu et al., 

2020b 

Whey 

protein 

isolates 

(WPI) 

Whey protein 

microgel 

particles 

(WPMs) 

Heating at pH 5.9, 85 °C for 1 

hours and sonicating for 20 min 

235 nm at pH 

6.5 

 

+40 to -50 mv 

0.1 – 0.6 % w/w 

WPMs in water,  

pH 2.0 - 8.0,  

0 / 150 mM NaCl 

50 % Miglyol 

812N, 

ultra-turraxing,  

13500 rpm for 1 

min 

85 – 

200 

Destribats 

et al., 2014 

 WPMs  Heating at pH 7.0, 90 °C for 30 

min with 20 mM phosphate 

buffer (PB) and homogenizing at 

250/50 bars for 2 cycles 

250–300 nm 

 

-36.5 mV 

1.0 % w/w WPMs in 

water, 

20 mM PB, pH 7.0 

 

20 % w/w 

Sunflower oil, High 

pressure 

homogenising at  

250/50 bars rpm for 

2 cycles 

42.9  Sarkar et 

al., 2016a 

 WPMs Heating at pH 5.8, 85 °C for 15 

min with 160 mg/L Na+; and 

homogenizing at 5000 psi for 3 

cycles 

209 – 360 nm 

 

+31 to -36 mV 

0.5 – 10 % w/w 

WPMs in water, 

pH 3.0 - 7.0 

 

20 - 90 % w/w 

Grape seed oil,  

ultra-turraxing at  

10000 rpm for 3 

min 

20 – 

200 

 

 

Su et al., 

2018 

 WPI gel 

particles 

High hydrostatic pressure 

induced WPI gel particles, pH 

7.0, 600 MPa for 30 min; and 

homogenizing at 100 MPa for 3 

cycles 

~0.1 – 2 µm 

 

+28 to -45 mV 

0.1 – 3.0 % w/w WPI 

gel particles in water,  

pH 2.0 – 8.0, 

0 – 200 mM NaCl 

20 – 70 % Canola 

oil, 

ultra-turraxing at 

12000 rpm for 3 

min 

40 – 

160 

Lv et al., 

2020 
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Table 2-1 Continued  
Type of 

protein 

 

Type of 

particle 

Particle preparation procedure Particle 

diameter and 

zeta-potential 

Aqueous phase 

conditions 

Type of lipid, 

volume fraction, 

and emulsification 

Droplet 

radius 

(µm) 

Reference 

Sodium 

caseinate  

(CAS) 

CAS gel 

particles by 

genipin cross-

linking 

Ultracentrifuged CAS 

dispersions with or without 

CaCl2; Mixing with genipin 

alcohol solution and incubating 

at pH 7.1, 50 °C for 24 hours; 

precipitating the casein at pH 4 

and removing calcium ions 

(Ca2+) by centrifugal washing; 

redispersing the casein pellet at 

pH 8.0 with sonication  

~18 or 114 nm 

 

-47 to -60 mV 

3 % w/w casein 

dispersed in water 

with 0.33 % w/v 

alcohol,  

pH 6.0 

20 % v/v Medium-

chain triglyceride, 

ultra-turraxing at 

6500 rpm for 2 min 

followed by 9500 

rpm for 1 min 

 

 

~2 – 13  Wang et 

al., 2018 

Casein Casein 

nanogels  

Glutaraldehyde induced casein 

crosslinking at pH 8, 50 °C for 

24 hours 

~125 – 325 nm 

 

+13 to -33 mV 

0.25 – 2.5 % w/w 

casein nanogels 

dispersed in water, 

pH 2 – 11, 

0 – 1.0 M NaCl 

80 % w/w Olive oil,  

handshaking 

50 – 

170 

 

Chen & 

Zhang, 

2019 

Casein flocs Adjusting casein solution to pH 

11 and then pH 5, followed by 

ultrasonication 

~25 µm at pH 

5 

N.A. 

3 % Casein flocs 

dispersed in water,  

pH 5 

80 % w/w Edible 

oil, ultra-turraxing 

at8000 rpm for 3 

min 

3.9 – 

7.1 

Bi et al., 

2020 

Casein 

particles 

Adjusting casein solution to pH 

11 and then pH 10, 8, 6, 3, 2 

pH 6 – 10: 

~300 nm, 

-22 to -31 mV 

 

pH 2 – 3:  

~5 µm, 

+22 to +5 mV 

3 % w/v Casein 

particles dispersed in 

water,  

pH 2 – 10 

80 % w/w Corn oil, 

ultra-turraxing at 

8000 rpm for 3 min 

~10 – 

50 

 

Guo et al., 

2021 
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Table 2-1 Continued  
Type of 

protein 

 

Type of 

particle 

Particle preparation procedure Particle 

diameter and 

zeta-potential 

Aqueous phase 

conditions 

Type of lipid, 

volume fraction, 

and emulsification 

Droplet 

radius 

(µm) 

Reference 

WPI 

 

Tripalmitin 

solid lipid 

nanoparticles 

(SLNs) coated 

with WPI 

Emulsifying 5 % w/w tripalmitin 

by 5 % w/w WPI at 75 °C with 

sonication for 3 min.  

Bimodal of 

150 and 700 

nm 

 

N.A. 

Droplet dispersion of 

5 % w/w tripalmitin 

coated with 5 % w/w 

WPI 

20 % w/w 

Sunflower oil, 

Shearing at 10000 

rpm for 2 min in 

the ice bath 

~10 Pawlik et 

al., 2016; 

Sakellari 

et al., 

2021 

CAS Tripalmitin 

SLNs coated 

with CAS 

Emulsifying 5 % w/w tripalmitin 

by 1 % w/w CAS at pH 7.0 with 

at 80 °C, 800 bars for 5 cycles; 

removing excess CAS and 

aggregated droplets before use  

~ 170 nm 

 

-37 mV 

1 % w/w Droplet 

dispersion, 10 mM 

PB pH 7.0 

10 % w/w 

Sunflower oil, 

homogenizing at 

4 °C, 400 bars for 5 

cycles 

~1 Schröder 

et al., 

2018 

Micellar 

caseins 

(CMs) 

n-Hexadecane 

droplets 

coated with 

CMs 

Emulsifying 20% w/w n-

hexadecane by 4% w/v CM at 10 

mM PB (pH 7.0) with 

microfluidizer at 300 MPa 

150 nm 2 – 16 % w/w droplet 

dispersion, 10 mM 

PB, pH 7.0 

20 % w/w n-

Hexadecane, ultra-

turraxing at 1000 

rpm for 2 min 

~ 2 - 24 Ye et al., 

2013b 

Whey protein  

concentrate 

Phytosterol 

particles 

coated with 

whey protein 

Emulsifying 1.2 % w/v 

Phytosterol in ethanol by 0.05 % 

w/v whey protein concentrate 

solution with 10 nm PB (pH 7.0) 

at 8000 rpm for 2 min and 

evaporating ethanol   

Aggregated 0.1 - 3 % w/v 

phytosterol 

dispersion, 10 mM 

PB, pH 7.0 

20 – 60 % w/v 

Soybean oil, 

ultra-turraxing at 

135000 rpm for 3 

min 

~50-

230 

Liu & 

Tang, 

2014 

Bovine milk 

phospholipids 

and whey 

proteins 

Milk fat 

nanodroplets 

Coated with 

phospholipid 

– whey 

proteins 

Homogenizing milk fat globule 

membrane rich ingredient (69 – 

76% whey protein, 12 – 22% fat, 

6 – 8% PL) with high-pressure 

homogeniser at 400 – 800 bars for 

3 cycles 

200 nm 2 % w/w 

homogenised 

MFGM-rich 

dispersion 

20 – 40 % w/w 

Soybean oil,  

high-pressure 

homogenising at  

50 – 400 bars for  

1 cycle 

~1.3 – 

6.9 

Weng et 

al., 2021 

a Three series of examples are shown consecutively, corresponding to applications of globular proteins, random coil caseins, and lipid 

particles/droplets coated with dairy proteins  
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2.3.1 Rigid and soft protein-based particles 

In food science, given their relatively easy preparation, the development of spherical protein 

nanoparticles is mainstream for Pickering emulsion stabilisation (Davidov-Pardo et al., 2015; 

Destribats et al., 2014; Li et al., 2013b; Li & Ngai, 2013; Lv et al., 2020; Su et al., 2018; Xu et 

al., 2020b). Although milk proteins such as whey proteins or caseins are major food emulsifiers, 

most of protein particles for Pickering emulsion are prepared from relatively hydrophobic plant 

proteins such as zein or soy protein (Gao et al. 2013, 2014; Liu & Tang 2013, 2014a) via 

ultrasonication, solvent-induced precipitation or heat-induced aggregation. Only few studies 

have focused on fabricating the Pickering emulsifier from water-soluble dairy proteins (Table 

2-1). An example of such protein particles for Pickering emulsion stabilisation is WPMs made 

from thermal-induced whey protein aggregation (Destribats et al., 2014). WPMs can efficiently 

decrease the O/W interfacial tension from 20.5 mN/m to 12.5 mN/m and successfully protect 

droplets from coalescence for up to 8 months after preparation. Over the following years, such 

thermal-induced WPMs have been applied to form Pickering emulsion in several studies 

(Sarkar et al., 2016a, 2017; Su et al., 2018). Until recently, a WPI gel particle prepared by 

different methodology that in robust high hydrostatic pressure-induced whey protein gel has 

been reported for Pickering emulsion stabilisation (Lv et al., 2020). Although different methods 

have been used to prepare whey protein particles, the resulting particles exhibited similar 

interfacial behaviours at different pH conditions. The intensive covalent cross-linking 

(disulphide bonding, S-S) and hydrophobic interactions between whey proteins induced by 

heating or high hydrostatic pressure result in rigid whey protein particles with limited 

penetration and deformation at the interfaces upon adsorption. The formed Pickering emulsions 

have large sizes (~ 50 – 200 µm) and undergo a rapid creaming within 1-2 hours.  
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Subsequently, some studies have shifted the focus to using caseins rather than whey proteins 

to synthesize protein particles, which were inspired by existing natural colloidal particles - the 

casein micelles (Chen & Zhang, 2019; Dickinson, 2010b) or soft gel particles made from 

slightly cross-linked polymers (Deshmukh et al., 2015; Wang et al., 2018). To date, casein 

particles preparation has been carried out using three general procedures: (1) non-covalently 

crosslinking of sub-micelles by calcium ions (Ca2+) (Chen & Zhang, 2019; Dickinson et al., 

2001; Sosa-Herrera et al., 2012), (2) covalently crosslinking casein molecules by chemicals 

such as genipin (Wang et al., 2018) or glutaraldehyde (Chen & Zhang, 2019), and (3) 

hydrophobic aggregation near the isoelectric point of casein (Bi et al., 2020; Guo et al., 2021). 

The particle size of the fabricated casein particles was similar to that of WPMs of about 200 

nm, however, the droplet size of the formed Pickering emulsion stabilized by casein particles 

was about 10 µm (Bi et al., 2020; Chen & Zhang, 2019; Guo et al., 2021), significantly smaller 

than the droplet size of the emulsion stabilized by whey protein particles of about 50 – 200 µm 

(Destribats et al., 2014; Lv et al., 2020; Su et al., 2018). The main advantages of the soft casein 

particles compared to rigid whey protein particles are that (1) the surface of the casein particles 

has a large number of dangling polymer chains that can anchor to the oil-water interfaces like 

a bio-polymer emulsifier (casein micelles), (2) the high flexibility and deformability of soft gel 

particles allow them to spread and cover the interface better after adsorption (Bi et al., 2020; 

Guo et al., 2021; Wang et al., 2018). As shown in Figure 2-3, the interface of O/W droplets 

that is stabilised by relatively rigid whey protein microgel particles has a porous structure 

(Figure 2-3a) (Araiza-Calahorra & Sarkar, 2019; Destribats et al., 2014), whereas the interface 

stabilised by flexible and deformable casein particles is fully covered (Figure 2-3b-c) (Guo et 

al., 2021; Wang et al., 2018). Therefore, the soft gel particles show better emulsification 

performance than rigid particles (Richtering, 2012).  
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Figure 2-3: Cryo-SEM images of the interfacial morphology of (a) heptane-in-water droplet 

stabilized by WPMs at pH 4.8 [reprinted from Destribats et al. (2014), with permission by 

Royal Society of Chemistry], (b) corn oil-in-water droplet stabilized by casein particles at 

unknown pH [reprinted from Guo et al. (2021), with permission by Elsevier], and (c) medium-

chain triglyceride-in-water droplet stabilized by casein gel particles (calcium and genipin cross-

linking) at pH 6.0 [reprinted from Wang et al. (2018), with permission by Elsevier].  

(a) 

(b) (c) 
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2.3.2 Solid and soft lipid-based particles 

In early studies of lipid-based particles for Pickering emulsions, the particles are mainly fat-

crystals, which have been widely recognized as efficient stabilizers for W/O emulsions such as 

edible spreads (Frasch-Melnik et al., 2010; Rousseau, 2000, 2013). The inherent relatively high 

hydrophobicity of such particles makes them able to position at oil-water interfaces with an 

angle higher than 90°, hence favouring the stabilization of water droplets in a lipid-based matrix 

(Paunov et al., 2007). 

Several studies have investigated the potential of particles made from a combination of 

lipids and emulsifiers as Pickering stabilizers (Gupta & Rousseau, 2012; Liu & Tang, 2014; 

Pawlik et al., 2016; Sakellari et al., 2021; Ye et al., 2013b). Lipid particles coated with 

surfactants are usually favoured to form W/O Pickering emulsions (Pawlik et al., 2016). 

Conversely, lipid particles coated with milk proteins are able to act as Pickering emulsifiers 

and form O/W type emulsions due to the fact that proteins can form thick protein interfacial 

layers and particles exhibit more hydrophilic properties (Table 2-1) (Liu & Tang, 2014; Pawlik 

et al., 2016; Sakellari et al., 2021; Ye et al., 2013b). The preparation of lipid particles is similar 

to the routine emulsion homogenization, where lipids are emulsified with proteins by a high-

pressure homogenization process and solid lipids with high melting points (e.g., tripalmitin) 

are processed at high temperature. The structure of the resulting particles varies from un-

solubilized aggregates in water (Liu & Tang, 2014), to solid lipid nanoparticles (SLNs) (Pawlik 

et al., 2016; Sakellari et al., 2021), or even as conventional emulsions that are soft and 

deformable (Ye et al., 2013b). The latter soft droplets were prepared from casein-micelle-

stabilised hexadecane droplet and used to form emulsion-stabilised emulsion. Owing to the 

difference in deformability between SLNs and soft lipid droplets, these lipid particles produce 

different interfacial structures upon adsorption. The interfacial configuration of SLN 
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stabilization and of soft lipid droplets stabilization were observed using SEM and transmission 

electron microscopy (TEM) as shown in Figure 2-4. The interface of O/W droplets that 

stabilised by SLNs showed a discrete and porous configuration (Figure 2-4a) (Pawlik et al., 

2016), whereas the interface by soft and deformable emulsion are fully covered (Figure 2-4b) 

(Ye et al., 2013b). Considerable flattening and networking of the initially spherical soft lipid 

droplets on the surface of the larger hexadecane droplets was also observed, which may even 

be enhanced by interparticle bonds (Ye et al., 2013b). The interfacial layer of soft, deformable, 

and networking droplets is an exciting example of building emulsion-based systems with new 

interfacial design. It will be interesting to extend the study of this new emulsion-stabilised 

emulsion to its functions, such as stability, lipid delivery and emulsion viscoelasticity.  
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Figure 2-4: (a) SEM images of sunflower O/W emulsion stabilised by tripalmitin SLNs with 

5 % WPI coating [reprinted from Pawlik et al. (2016), with permission by Royal Society of 

Chemistry]. (b) TEM images of n-hexadecane O/W emulsions stabilised by soft n-hexadecane 

primary droplets with casein micelle coating [reprinted from Ye et al. (2013b), with permission 

by American Chemical Society].  

(b) (a) 
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2.4 Emulsion rheological properties 

Emulsions formulated from a variety of compositions, processing conditions, and 

environmental conditions exhibit a wide range of rheological properties from diluted fluid, to 

viscous liquid, to viscoelastic semi-solid, which in turn impacts emulsion functional properties 

and applications (e.g., processability, texture, mouthfeel, and biological response) (Akbari & 

Nour, 2018; Camacho et al., 2015; Liu et al., 2019; Tadros, 2013b; van Aken et al., 2011; 

Zembyla et al., 2020; Zhu et al., 2019). The rheological properties of emulsions are a direct 

display of the various interactions that occur in the system. Thus, after emulsion preparation, 

the rheological properties of the emulsions are constantly changing during storage in response 

to the structural changes and instability of the droplets. For example, the viscosity or elastic 

modulus of an emulsion becomes greater as a result of flocculation and aggregation of droplets 

but decreases as a result of coalescence of droplets (Chanamai & McClements, 2000; Chuang 

et al., 2020; Dickinson et al., 1988a; Dickinson & Ritzoulis, 2000; Dimitrova & Leal-Calderon, 

2004; Hu et al., 2016; Pal, 1996; Robins et al., 2002). Knowledge of factors affecting the 

emulsion rheology and stability is necessary for successfully developing high-quality 

emulsion-based products with desirable rheological properties.  

The factors that affect the rheology of emulsions have been intensively reviewed in the 

literature (Derkach, 2009; Félix et al., 2020; Kim & Mason, 2017; Pal, 2011; Tadros, 1994, 

2004; Zhu et al., 2019). In summary, these factors are the volume fraction of the disperse phase 

(φ), the droplet size distribution, the viscosity of both the dispersed and the continuous phases, 

and the rheological property of the interfacial film.  

Typically, dispersed phase volume fraction (φ) is the most important factor governing the 

rheological properties of emulsions (Lacasse et al., 1996; Mason, 1999; Mason et al., 1995). 

At relatively low φ (< 0.1), the main force driving droplet motion is Brownian forces and the 
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interactions between the emulsion droplets are relatively weak because they are so far apart 

from each other (Pal, 2011). When the ability of one droplet to disrupt the flow pattern of the 

continuous phase does not affect the flow pattern experienced by another droplet, the apparent 

viscosity of the low 𝜑 emulsions is therefore dominated by the rheological properties of the 

continuous phase. As the droplet concentration increases, the apparent viscosity of emulsion is 

influenced by increasing hydrodynamic interactions and droplet–droplet collisions. When the 

φ is sufficient high, the droplets are packed very closely together and become trapped by 

surrounding droplets, emulsions could have some elastic properties displaying a yield transition 

and complex rheology. Typically, they appear to flow at high shear rates but solidify at low 

shear rates, exhibiting a self-supporting texture (Li et al., 2020). Owing to the unique gel-like 

rheological properties, special texture and long-term stability against phase separation, 

concentrated emulsions have attracted increasing attention from both academic research and 

industry (Li et al., 2018; Patel & Dewettinck, 2016).  

In the case of concentrated emulsions, droplet size distribution is particularly important as 

it affects the emulsion rheology in terms of effective volume fraction (φeff) and the maximum 

volume packing (φmax). For the same 𝜑, small droplets can have a much larger effective volume 

fraction (φeff)than larger droplets because the ratio between the thickness of the adsorbed layer 

(h) and the droplet diameter (D) is increasing as expressed in equation (2-4) (Mason, 1999; 

Pal, 1996; Tadros, 1994) 

 
𝜑𝑒𝑓𝑓  ≈  𝜑 [1 +

2ℎ

𝐷
]

3

 (2-4) 

Moreover, the average distance between droplets decreases as the droplet size decreases, 

which means that droplet-droplet interactions become more important (Pal, 1996).  

Theoretically, for the rigid spherical particles with a narrow polydispersity of 0.1, the φmax is 
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0.74 for hexagonal packing (Mason, 1999; Scott & Kilgour, 1969). However, a φmax can be 

greater than 0.74 when the droplet polydispersity is high. In the polydisperse emulsion, the 

space is filled more efficiently by small droplets (Lubachevsky & Stillinger, 1990; Scott & 

Kilgour, 1969; Tadros, 1994). Therefore, the viscosity of the polydisperse system is usually 

lower than that of the monodisperse system at the same 𝜑 (Farr & Groot, 2009; Foudazi et al., 

2012, 2015). As a result, the viscosity of an emulsion may increase as the droplet size decreases 

and decrease with an increase in polydispersity.  

Many studies have indicated that rheological properties of concentrated emulsions can be 

manipulated prior to emulsification by emulsion compositions and conditions (e.g., emulsifier 

concentration, pH, ionic strength, additives, etc.) to obtain different droplet size distribution as 

well as the continuous phase viscosity (Berli, 2007; Chuang et al., 2020; Desmond & Weeks, 

2014; Foudazi et al., 2012; Geremias-Andrade et al., 2017; Hemar & Horne, 2000; Lacasse et 

al., 1996; Mason et al., 1996; Pal, 1996; Princen & Kiss, 1986; Zhang et al., 2021a; Zhu et al., 

2019). With this knowledge, a low φ of emulsion could be designed to have the same 

rheological properties of the high φ through decreasing the droplet size, introducing droplet 

aggregations, or adding thickeners.  

It is worth noting that the deformability of emulsion droplets (Saiki & Prestidge, 2005) and 

of the emulsifier at the interfaces (Brugger et al., 2010; Li et al., 2015) also affect the rheology 

of emulsion. However, the relationship between the emulsifier deformability and the bulk 

rheology is not clear (Tadros, 1994). 

Saiki & Prestidge (2005) have investigated that shear thinning and elastic properties of 

deformability controllable polydimethylsiloxane (PDMS) emulsions stabilised with sodium 

dodecyl sulphate (SDS) (Saiki & Prestidge, 2005). They found that at φ = 0.6 the hard droplets 
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behave as hard sphere and is more shear thinning, while soft droplet is less shear thinning at 

low φ due to high level of structural flexibility of the emulsion against shear (Figure 2-5a). 

However, at high φ = 0.7, the soft emulsion exhibited extra shear thinning that is comparable 

with the hard emulsion, presumed due to lateral distortion of droplet structures (Figure 2-5a). 

In contrast, at φ = 0.7 the hard emulsion showed a relatively high elasticity than soft emulsion 

against dynamic oscillation deformation (Figure 2-5b). Combining the steady shear and 

dynamic oscillation studies, they concluded that the viscoelasticity of droplets provides the 

great magnitude of elasticity for the hard emulsion, while formation of planar films between 

droplets is the origin of the elasticity of soft emulsion.  
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Figure 2-5: (a) Shear viscosity plotted against shear rate; soft PDMS: φ = 0.6 (close triangle), 

φ = 0.7 (close circle); hard PDMS: φ = 0.6 (open triangle), φ = 0.7 (open circle); silica: φ = 0.6 

(close square). (b) Elastic modulus, G′ (closed symbols) and viscous modulus, Gʺ (open 

symbols) plotted against shear strain at 1 Hz; soft PDMS (circle), hard PDMS (triangle) 

[reprinted from Saiki & Prestidge (2005), with permission by Korea Science].  

(a) (b) 
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2.5 Emulsion interfacial rheology 

The influence of the deformability of emulsifiers on rheology properties have been mainly 

studied using interfacial rheology and related to emulsion formation and stability against 

interfacial rupture. Brugger et al. (2010) investigated the interfacial rheological properties of 

microgel-covered oil−water interfaces by means of the pendent drop technique as well as by 

shear deformation with double-wall ring geometry (Brugger & Richtering, 2008). They 

observed at high pH where the particles are charged, the interface exhibited a soft gel-like 

structure that gave rise to an elastic response to mechanical deformation (Figure 2-6b). In 

contrast, at low pH where the charge on the particles is lower, the particle layer was compact 

and brittle (Figure 2-6a). Li et al. (2015) investigated the interfacial shear rheology of 

microgels prepared with different cross-linking densities (Figure 2-6c) (Li et al., 2015). They 

also observed that the interface formed by soft particles (S/N 1) exhibit a greater shear elasticity 

and yield point compared with the interface formed by rigid particles (S/N 8) (Figure 2-6d). 

Both studies propose that the viscoelastic properties of the microgel covered interfaces were 

positively correlated with the stability of the emulsion. It is clear that the stimulus-responsive 

nature of these microgel particles leads to a rich behavioural and morphological transition with 

interesting effects on interfacial rheology.  

However, these studies were carried out in the context of non-food systems with a highlight 

on interfacial rheological properties. The relationship between the bulk and interfacial rheology 

is missing. Since food systems are often soft solids it is important to consider both the bulk and 

interfacial rheology. It would be interesting to extend this approach to model emulsions 

consisting of food-grade ingredients and to correlate the particle-emulsifier deformability to 

the bulk rheology of emulsions.  
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Figure 2-6: (a) Strain sweep of poly (n-isopropylacrylamide)-co-methacrylic acid polymers 

(PNIPAM-co-MAA) microgel layers cover heptane-water interfaces at pH 3 and (b) at pH 9 

[reprinted from Brugger et al. (2010), with permission by Royal Society of Chemistry]. (c) 

Hydrodynamic diameter (Dh) of PNIPAM microgel particles with different crosslinking 

density as function of the solution temperature, S/N 1, soft particles, and S/N 8, rigid particles, 

and (d) strain sweep of S/N 1 and S/N 8 microgel layers cover heptane-water interfaces 

[reprinted from Li et al. (2015), with permission by American Chemical Society].   

(a) (b) 

(c) (d) 
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2.6 Emulsion stability 

Emulsions can be destabilised by different mechanisms, most of which are undesirable. The 

effects of three types of destabilisations are described below. 

2.6.1 Physical destabilisation 

A good physical stability commonly implies that there is no discernible change in the size 

distribution or the spatial arrangement of droplets over the experimental time-scale, e.g., from 

a few days to several months(Dickinson, 1994a). Due to the thermodynamic instability, almost 

all emulsions will coalesce resulting in phase separation with time. The long-term stability of 

emulsion can be achieved by electrostatic and steric stabilization (repulsion forces) of 

emulsifying agents that form an adsorbed layer at the surface of the droplets. Beside the nature 

of the interfacial absorbed layer, the droplet size, and the nature of continuous phase can also 

affect the emulsion stability as depicted in Figure 2-7. In practices, loss of stability may involve 

several physical and chemical changes, which take place simultaneously or consecutively 

depending on the circumstances. The most important physical mechanisms of instability are 

creaming, flocculation, coalescence, Ostwald ripening and phase inversion. All these 

mechanisms act individually and can also influence one another (McClements, 2009). These 

destabilizations are related, although sometimes indirectly, to the properties of the O/W 

interface. In flocculation, adsorbed emulsifiers may cause electrostatic attraction and/or 

bridging between droplets, depending on the environmental conditions and emulsifier 

structures (e.g., pH, ionic strength, emulsifier concentration and interfacial structure). In the 

case of coalescence, there is drainage of the continuous phase followed by the creation of a 

hole in the interfacial layers between the droplets, which can be seen as dilatational deformation 

(Murray et al., 2011). The mobility of the adsorbed molecules and the viscoelasticity of the 

interfacial layer can thus affect the coalescence process (Dickinson et al., 1993; Nambam & 
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Philip, 2012). Gravitational separation can be facilitated by flocculation or coalescence, which 

is affected by interfacial mobility and results in an increase of the effective droplet size. In 

nanoemulsions (sizes less than 100-200 nm), the volume fraction of the interfacial composition 

is no longer negligible due to the large surface to volume ratio and can significantly influence 

the droplet density (Mason et al., 2006). In surfactant-stabilised emulsion, Ostwald ripening 

can be accelerated because the surfactant is reversibly adsorbed and can form micelles in the 

continuous phase; these surfactant micelles are able to act as carries of oil between droplets 

and increase the rate of ripening, whereas in the case of particle stabilisation there is no such 

process (Ashby & Binks, 2000; Weiss et al., 1999, 2000). However, in the case of particle 

stabilisation, droplets can be ripened through a mechanism of diffusion or exchange of oil 

molecules, which is driven by the solubility of the molecules in the continuous phase (Ashby 

& Binks, 2000). Details of these several types of mechanisms are described below. 

 

Figure 2-7: Principal factors affecting oil-in-water emulsion stability  
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2.6.1.1 Gravitational separation  

Gravitational separation in forms of creaming or sedimentation are the consequence of the 

different density between the dispersed droplets and surrounding aqueous phases. If the 

droplets have a lower density than the surrounding aqueous phase, they tend to move upward, 

which is referred to as creaming. If they have a higher density than the surrounding liquid they 

tend to move downward, which is referred to as sedimentation (McClements, 2015b). The 

droplet migration produces a vertical concentration gradient of droplets. In the case of O/W 

emulsion, the rate at which an emulsion droplet creams in an ideal liquid are determined by the 

balance between the gravitational and frictional forces. This can be described by the ‘Stokes’ 

law as shown in equation (2-5): 

 
𝑣𝑠𝑡𝑜𝑘𝑒𝑠 =  

2𝑔𝑎𝑅2(𝜌1 − 𝜌2)

9𝜂1
 (2-5) 

where the vstokes is the velocity of creaming, R is the emulsion droplet radius, 𝜌1 and 𝜌2 are 

the densities of continuous and dispersed phases, respectively, η1 is for the viscosity of the 

continuous phase and ga is the acceleration of gravity.  

The speed of gravitational separation in food emulsions is influenced by many factors such as 

Brownian motion, interactions between droplets (droplet flocculation) and/or interactions 

between droplets and continuous phase components (McClements, 2015b). In practice, the 

gravitational separation can be reduced by reducing droplet size (< 0.7 µm), minimizing the 

density difference, decreasing the degree of droplet flocculation, increasing the continuous 

phase viscosity. 

  



Chapter 2  

39 

2.6.1.2 Flocculation 

Droplet flocculation is the process whereby two or more droplets associate with each other 

without coalescence occurring (Tadros, 2013a). This phenomenon involves aggregation of two 

or more emulsion droplets to form a floc, but the droplets maintain their individual integrity; 

in other words, the dispersed phase material of the droplets involved in the floc does not merge, 

and the phenomenon maybe reversible. The mechanism of flocculation can be attributed to 

droplet-droplet interactions. A model to describe droplet flocculation in colloidal dispersions 

containing monodisperse spherical particles (Evans & Wennerström, 1999) was proposed: 

 
𝑑𝑛𝑡 𝑑𝑡⁄ =  −

1

2
 𝐹𝐸 

(2-6) 

where nt is the total number of particles per unit volume, t is the time, dnt/dt is the 

flocculation rate, F is the collision frequency, and E is the collision efficiency. This equation 

indicates that the flocculation rate depends on two factors: (1) the frequency of collisions 

between droplets and (2) the fraction of collisions that leads to aggregation. The collision 

frequency (i.e., the total number of droplets encounter per time per unit volume of emulsion), 

is dependent on the Brownian motion and gravitational separation. If every encounter between 

droplets leads to aggregation, the emulsion will be very unstable. To prevent aggregation of 

droplets, it is necessary to have a sufficiently high-energy barrier to stop them coming too close. 

The collision efficiency can be explained by the height of energy barrier, which is determined 

by the nature of interfacial film and droplet-droplet interactions (i.e. van der Waals interactions, 

electrostatic interactions, steric interactions, hydrophobic interactions, bridging interactions, 

depletion interactions, hydrodynamic interactions and covalent interactions)(McClements, 

2015b). 
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In general, the presence of sufficient emulsifiers to completely saturate the droplet surface 

can provide strong and long-range repulsions and prevent flocculation (e.g., bridging, or 

hydrophobic interactions) (McClements, 2015b). However, an excess of non-adsorbing 

colloidal emulsifiers present in the continuous phase of an emulsion leads to an increase in the 

attractive forces between the droplets, which is referred to as depletion flocculation, due to an 

osmotic effect associated with the exclusion of the colloidal emulsifiers from a narrow region 

around each droplet (Jenkins & Snowden, 1996). There is an optimum size of colloidal 

emulsifiers required to promote depletion flocculation, which depends on a balance between 

(1) the number of emulsifiers per unit volume (which increases with decreasing size) and (2) 

the volume of the depletion zone (which decreases with decreasing size)(Asakura & Oosawa, 

1954; Radford & Dickinson, 2004). The flocculation rate initially increases as the 

concentration of nonadsorbing colloidal emulsifiers is increased because of the enhanced 

attraction between the droplets, that is, a higher collision efficiency. However, once the 

concentration of colloidal emulsifiers exceeds a certain concentration, the flocculation rate 

often decreases because the viscosity of the continuous phase increases so much that the 

movement of the droplets is severely retarded, that is, a lower collision frequency (Bai et al., 

2021; McClements, 2000, 2015b; Radford & Dickinson, 2004). It should be noted that when 

an emulsion exhibiting depletion flocculation is diluted for particle size measurements (e.g., 

light scattering), the floc usually breaks down because the concentration of nonadsorbing 

colloids emulsifiers is then greatly reduced, i.e., the depletion flocculation is usually weak and 

reversible. Such a phenomenon can lead researchers to believe that the emulsion is stable when 

in fact it is flocculating in its normal state. 
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2.6.1.3 Coalescence 

Coalescence is a process whereby two or more droplets merge to form a single large droplet 

at very close contact. An emulsion moving toward thermodynamically unstable state is the 

principal mechanism of the coalescence because the emulsion system tries to decrease the 

contact area of two immiscible phases. Danov et al., (1993) proposed a mechanism of 

coalescence including four steps: (1) close approach of non-deformed droplets; (2) formation 

and expansion of plane-parallel film; (3) thinning of the film at almost constant radius; (4) 

rupture of the film and fusion of the droplets into a larger droplet. When repulsive forces 

between droplets are strong (e.g., at large enough electrostatic repulsion), the droplets 

deformation is unlikely, and the droplets behave as non-deformable charged spheres. Therefore, 

in general, emulsions are stable to coalescence because the droplets are covered by sufficient 

emulsifier (Dickinson et al., 1988a). However, insufficient emulsifier, film stretching, and film 

tearing can accelerate the rate of coalescence (van Aken et al., 2003). 

2.6.1.4 Ostwald ripening 

Ostwald ripening also leads to increased droplet size, although through different 

mechanisms and driving forces compared to coalescence. In polydisperse emulsions, small 

droplets have a larger internal Laplace pressure than do large droplets, which promotes 

diffusive transfer of the dispersed phase molecules from smaller to larger droplets (Leal-

Calderon, 2012). Another driving force for Ostwald ripening originates from differences in oil 

solubility and chemical potential at the oil−water interface. Smaller droplets lead to higher oil 

solubilities, which results in a net diffusion of oil molecules toward larger emulsion droplets. 

As a result, the size distribution changes over time with larger droplets growing at the expense 

of smaller ones.  
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2.6.1.5 Oil exchange  

Oil molecules exchanges between droplets in emulsion system is crucial for designing 

emulsion-based drug delivery vehicles (Hettiarachchi et al., 2009), modifying emulsion 

properties (Dan, 2016), or utilizing emulsion droplets as Pickering emulsifier (Ye et al., 2013b). 

Of all possible mass transport mechanisms, emulsion coalescence and Ostwald ripening are 

probably among the best understood. However, several studies have shown that poorly soluble 

oil molecules can also exchanges between stabilized droplets, even without Ostwald ripening 

or coalescence, resulting in an equilibrium oil exchange without a net size change (Malassagne-

Bulgarelli & McGrath, 2009; Roger et al., 2015; Weiss et al., 2000) . Two mechanisms have 

been suggested that (1) surfactant solubilisation effect that surfactant micelles can be excellent 

molecular carriers by helping solubilize insoluble oils in their hydrophobic core and 

accelerating transport across the continuous phase (Weiss et al., 2000). (2) the direct emulsion 

contact where reversible collisions cause direct oil permeation through thin liquid films 

between the droplets as they collide due to Brownian motion (Roger et al., 2015). Nonetheless, 

in emulsion prepared using a variety oil including non-polar alkanes and polar alcohols, oil 

exchanges can also occur without a net size change when the chemical potentials 

(concentrations) of various oils compensate the capillary pressure (Laplace pressure) (Ashby 

& Binks, 2000).  

2.6.1.6 Phase inversion 

A phase-inversion, the process by which an original dispersed phase turn into a continuous 

phase and vice versa, can occur in emulsion (McClements, 2015b). Vigorous phase inversion 

usually occurs when the dispersed phase fraction increases to a very high level and is 

characterised by a sudden drop in the viscosity of the emulsion, which often happens during 
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the preparation of high internal phase emulsions (Zeng et al., 2017). Transitional phase 

inversion is generally triggered by some change in the emulsion’s environmental conditions 

(e.g., temperature, ionic strength) and is generally associated with a modification in the 

geometry of emulsifiers, and hence of the spontaneous curvature of the interface. 

2.6.2 Chemical destabilization 

Food emulsions are prone to chemical destabilization during processing (e.g., sonication) 

and storage (e.g., UV radiation), mostly through oxidative reactions that degrade 

polyunsaturated lipids (e.g., lipid oxidation) or labile micronutrients (e.g., vitamins, 

pigments)(Berton-Carabin & Schroën, 2019; Camargo-Perea et al., 2020; McClements & 

Decker, 2018; Zhou et al., 2021). In sonication, the formation and collapse of air bubbles leads 

to the cleavage of water molecules and the formation of free radicals (Rao et al., 2016). Being 

one of strong oxidants, -OH can oxidize any substance they encounter in emulsions, or they 

can react with each other to form H2O2. The amino acids such as tryptophan, histidine and 

cysteine can be easily oxidized by the -OH (Quansah et al., 2013; Su & Cavaco-Paulo, 2021). 

The free radicals and H2O2 also attack polyunsaturated fatty acids of lipids (Chemat et al., 2004; 

Yu et al., 2018). The natural emulsifiers and the oil phase might be oxidized when they are 

exposed to free radicals. In emulsions prepared by homogenisation, protein oxidation rarely 

occurs, but lipid oxidation may begin at the surface of the oil droplet where the labile lipid 

substrate encounters aqueous pro-oxidants (e.g., reactive oxygen species and metal ions).  

Because of the health benefits of polyunsaturated lipids, increasing their amounts in food 

has become a priority, and thus counteracting lipid oxidation a major challenge. Recently, it 

has been suggested that propagation of the reaction may involve the transfer of reactive species 

and/or intermediate reaction products from the core of an oxidised oil droplet, through the 

interface and then through the continuous phase to neighbouring oil droplets (Laguerre et al., 
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2017). Barrier effects of the oil-water interface are hence desirable to prevent the initiation and 

propagation of the reaction. In that respect, the composition and structure of the oil-water 

interface are thought to control, at least partly, the rate and extent of lipid oxidation (Berton-

Carabin et al., 2014; Okubanjo et al., 2021; Singh & Indra, 2020; Yang et al., 2019a). 

2.6.3 Digestive destabilisation  

The ultimate step in food emulsion’s lifespan is delivering nutrients, that is, its fate in the 

gastrointestinal tract, which has become an important field of research and an integral part of 

food emulsion formulation. When it comes to emulsion design, the composition and structure 

of emulsion-based systems have often been claimed to modulate their digestibility and thus 

control their digestive fate. Promoting the digestion and bioavailability of lipophilic bioactive 

compounds or delaying lipolysis via the emulsion structural design has been an active research 

area (Acevedo-Fani & Singh, 2022; Berton-Carabin & Schroën, 2019; Golding & Wooster, 

2010; Mao & Miao, 2015; Sarkar et al., 2019; Singh & Ye, 2013; Ye, 2021). Substantial 

digestion studies on emulsions have been conducted using in vivo animal models and in vitro 

static and dynamic digestion models (Bohn et al., 2018; Brodkorb et al., 2019; Cheng et al., 

2022a; Maldonado-Valderrama, 2019; McClements & Li, 2010a; Wang et al., 2019). However, 

the point of the present section is not to provide a comprehensive overview of the emulsion 

digestion process, but the possible physical and chemical changes during digestion.  

2.6.3.1 Structural disintegration and aggregation 

Emulsions exist as liquid or semi-solid foods for consumer consumption. For semi-solid 

emulsions, such as aggregated emulsions or emulsion gels, the first destabilisation of the 

emulsion occurs in the oral cavity due to chewing, followed by further disruption in the 

stomach and the small intestine due to peristalsis and emptying, as well as dilution by saliva 
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and gastro-intestinal (GI) digestive fluids. Different from the semi-solid emulsion, the structure 

of liquid emulsions is unlikely be altered by chewing during the oral phase due to the short 

residence time. In the gastric phase, droplet-droplet aggregation induced by gastric 

acidification may occur in protein-stabilised emulsions. In gastric digestion, the pH of the 

gastric mixture decreases gradually by the secreted acids. When the pH is close to the 

isoelectric point of the proteins, the electrostatic repulsion between protein-stabilised droplets 

is minimised and droplet-droplet aggregation occur. Meanwhile, the extent of droplet 

aggregation varies with the protein structures and compositions at the O/W interface. For 

example, in the emulsions stabilised with whey proteins after heating, the droplet are 

aggregated but less coalescence during gastric digestion as compared to whey protein-stabilised 

emulsion without heating (Ye et al., 2020). For emulsion stabilised with various type of milk 

proteins showed different extent of droplet flocculation: milk protein concentrate (MPC)-

stabilised emulsion > calcium-depleted-MPC-stabilised emulsion > sodium caseinate-

stabilised emulsion (Wang et al., 2019). However, all types of the droplet aggregation via the 

adsorbed protein, from initial emulsion preparation or gastric acidification, can eventually be 

broken down by pepsin hydrolysis during the gastric phase (Kenmogne-Domguia et al., 2012). 

When the droplets flocs are emptied into the small intestine, bile salts diffuse to the droplet 

surface, and replace the adsorbed protein, thus the droplet flocs are disrupted (Bellesi et al., 

2014; Sarkar et al., 2016b). Together, droplets will finally be released from the aggregated or 

gel matrix, which increases the surfaces exposure to lipolysis in the GI tract. As a result, a 

faster lipid digestion will be observed in emulsions with small droplet size distribution after 

gastric digestion (Bellesi et al., 2014; Kenmogne-Domguia et al., 2012; Sarkar et al., 2016b; 

Wang et al., 2019; Ye et al., 2020). 

 



Chapter 2  

46 

 

2.6.3.2 Droplet coalescence in the gastric phase 

Droplet coalescence in the GI tract is mainly caused by the increase of interfacial mobility 

due to the loss of intact protein through proteolysis action. In the absence of a protein layer 

acting as a mechanical barrier, it is possible for droplets to coalesce. The resulting small 

peptides generally have less electrostatic repulsion and less steric barrier than intact proteins 

(van Aken, 2003; Caessens et al., 1999; Li et al., 2013a; Sarkar et al., 2009). Therefore, 

coalescence of the droplets occurs in the emulsions when their adsorbed proteins are 

hydrolysed into small peptides.  

2.6.3.3 Lipid digestion in the small intestinal phase 

In the human GI tract, lipid digestion starts in the stomach but mainly takes place in the 

small intestine, where the digestion products are also absorbed (Golding & Wooster, 2010). 

Food lipids are mainly triacylglycerols, which are digested by lipases that hydrolyse the ester 

bonds at the sn-1 and sn-3 positions of the glycerol backbone. Lipases act at the oil-water 

interface, where the water-soluble lipase and the lipid substrate meet (Wilde & Chu, 2011). To 

ensure optimal lipolysis in the small intestine, bile salts and to a lesser extent phospholipids 

remove digestion products from the interface by solubilising them in mixed micelles in the 

bulk aqueous phase to prevent inhibition by lipolysis products (Golding & Wooster, 2010). 

This facilitates further lipid digestion by driving the reaction equilibrium towards continued 

lipolysis. The formation of mixed micelles, together with phospholipid vesicles, completes the 

lipid digestion/absorption cycle by facilitating absorption across the intestinal lumen. 

Eventually, the emulsion droplets will shrink as the emulsified lipid in the interior of the 
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droplets convert to free fatty acids and mixed micelles during digestion (Sarkar et al., 2019; 

Wilde & Chu, 2011). 

2.7 Techniques and methods to characterise emulsions 

Emulsions formulated from a variety of ingredients and processing conditions display a 

wide range of physical and chemical characteristics that give food emulsions essential 

functions in which stability, texture, taste, appearance, and biological response can be tailored 

to meet the target requirements of any given product. For example, droplets of different 

emulsions have different droplet and interfacial characteristics, including their size, charge, 

concentration, interaction, and rheological behaviour. For this reason, experimental and 

analytical methods are necessary to provide information on these characteristics. It is important 

to be cautious when describing emulsion behaviour based on any single analytical method, as 

each has limitations; evidence needs to be obtained through comparable or complementary 

measurements to draw meaningful conclusions. In this section, common methods used to assess 

emulsion structures related to appearance, morphology, and size are summarized and compared. 

Advanced techniques of (ultra-) small angle X-ray/neutron scattering for quantifying interfacial 

layer structure and oil molecule diffusion in emulsions are subsequently discussed. 

2.7.1 Visual and tactile observation 

Emulsion appearance is affected by the emulsion properties and stability, which can be 

observed directly by the naked eye. Visual observation is probably the cheapest and fastest 

method to assess the emulsion instability at the macroscopic scale, and tactile assessment is its 

viscosity.  

For the diluted (volume fraction of dispersed phase φ < 0.1and semi-diluted emulsion (0.3 

< φ < 0.64), the emulsion is a liquid-like dispersion that flows easily upon inverting the 
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container up-side-down (Pal, 2011). The emulsion can turn into a viscous-like fluid with 

increasing 𝜑, and flows slowly in the inversed container and stick on the wall of the container, 

which is attributed to droplet-droplet interactions at the higher φ. At low φ where the emulsion 

can flow, gravitational separation can lead to creaming or sedimentation in still emulsions, if 

the droplets are large. In this sense, the phenomena of creaming or sedimentation can be 

qualitatively assessed by observing the presence of creaming or sedimentation layer with a 

naked eye, or quantitatively measuring the thickness of the layers (as a ratio on the total 

emulsion hight) to define the extent of gravitational separation. In emulsions with large initial 

droplet size (> 1 µm), such as Pickering emulsions, rapid gravitational creaming (within 

minutes or hours) can be observed, where the emulsion undergoes further droplet flocculation 

or coalescence. However, the droplet flocculation or coalescence occurring in such emulsions 

is difficult to discern by simple visualisation. The creaming of emulsions with nanoscale 

droplet size caused by mechanisms such as flocculation, coalescence, and Ostwald ripening is 

usually slow and is only observed when the extent of instability is considerable and droplet 

growth exceeds the micron size. Thus, the initial stage of nanoemulsions instability cannot be 

captured by visual observation.  

The appearance of concentrated emulsions (φ > 0.64) is usually seen in its high viscosity, in 

some case to the point of soft-gel characteristics, which is due to the jamming of the droplets, 

conferring a stability against the movement of droplets driven by gravity. Thus, gravitational 

separation in concentrated emulsion is extremely slow and hard to observe, until a great extent 

of instability resulting in an oil layer and in some cases phase inversion. Therefore, identifying 

further the causes of emulsion instability, e.g., initial droplet size, flocculation, coalescence, 

Ostwald ripening, and oil exchange need to be precisely measured with the aid of analytical 

instruments.  
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2.7.2 Microscopy  

Many of the structural components in emulsions are smaller than the low limit (100 µm) of 

visual observation. For example, droplet morphology, droplet-droplet distance, and interfacial 

layer organisation, needs microscopy for fine observation. A number of microscopic techniques 

are now available to characterise the structures of the emulsions including the droplets 

interfaces. The methods include optical microscopy, confocal laser scanning microscopy 

(CLSM), SEM and TEM (Dudkiewicz et al., 2011; Klang et al., 2012; Mertz, 2019; Murphy & 

Davidson, 2012; Sriamornsak et al., 2008). These techniques are capable of providing 

information about complex structures in the form of images that are relatively easy to visualise. 

Each microscopic technique works on different physicochemical principles and can be used to 

examine different levels and types of structural organization (Dudkiewicz et al., 2011; Klang 

et al., 2012). To study the emulsion’s microstructure, all types of microscopic observations 

share common shortcomings: (1) sample preparation alters the original structure; (2) sample 

preparation and analysis are usually time consuming; and (3) a large sampling size is required 

to obtain reliable quantitative data. For this reason, it is important that investigators select the 

appropriate microscope instrument for their samples and follow appropriate sample preparation 

procedures. 

Nevertheless, any type of microscope that is to be used to examine the structure of small 

objects must have three qualities: resolution (the ability to distinguish between two objects in 

proximity), magnification (the number of times the image is larger than the object being 

examined), and contrast (the extent of difference between the object and the background) 

(Aguilera et al. 1999).  

2.7.2.1 Optical microscopy 
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Optical microscopy can provide valuable information about the particle size distribution of 

emulsions as well as distinguishing between flocculation and coalescence, which is often 

difficult using particle sizing techniques that are based on light scattering. The major advantage 

of optical microscopy over other microscopic techniques is simple sample preparation 

involving spreading an emulsion across a slide. However, in practice, conventional optical 

microscopy is not suitable for emulsions made of droplets below about 1 µm. The Brownian 

motion of small particles could cause images to appear blurred. For example, the WPMs with 

a diameter of 200 nm are invisible in water (Figure 2-8a insert) and at the heptane droplet 

interfaces by optical microscopy (Figure 2-8a) (Destribats et al., 2014). Another drawback of 

optical microscopy, that even using the conventional bright field, it is difficult to reliably 

distinguish different components in food emulsions because the natural contrast of food 

components has close refractive indices.  

2.7.2.2 Confocal laser scanning microscopy 

Compared to conventional light microscopy, CLSM can provide better resolution, allow 

selective observation of the location of specific components, and generate three-dimensional 

structural images without physical sectioning of the specimen. CLSM techniques are often 

combined with fluorescent dyes to observe the microstructure of multiple components in 

emulsions. This is made possible by the fact that fluorescent dyes can selectively bind to 

specific components such as proteins, lipids, or carbohydrates; for example, by using Fast 

Green FCF staining and irradiating with a He-Ne laser, adsorbed protein particle layer at the 

oil droplet interface could be selectively observed at wavelengths around 619 nm (Figure 2-8c). 

Scanning of the laser beam in a specific X-Y plane within the sample allows the acquisition of 

a two-dimensional image. Through a combination of consecutive X-Y planes at different 

vertical depths (Z-plane), a three-dimensional image of the emulsion can be created. Moreover, 
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the new generation of the Airyscan confocal supper-resolution microscope is able to improve 

the resolution two-fold and signal-to-noise ratio eight-fold relative to conventional confocal 

microscopes (Wu & Hammer, 2022). As the Airyscan confocal supper-resolution microscope 

can push the probed size down to 100 nm, it has been popular in cell biology and protein 

morphological studies, and considered as an alternative to electron microscopy (Deroubaix et 

al., 2020; Hennig & Manstein, 2021; Romero et al., 2020).    

2.7.2.3 Electron microscopy 

Electron microscopy is commonly used to observe structures (< 1 µm) that are too small to 

observe using optical microscopy and CLSM, which is attributed to electron beams having 

much smaller wavelengths than light beams. TEM and SEM are two microscopies that are 

commonly used to examine the structure of emulsions. In practice, the smallest size of the 

structure that can be resolved is about 1 nm. Hence, it can be used to provide information about 

protein aggregates, nanoemulsion droplets, surfactant micelles, and interfacial layers 

(Dudkiewicz et al., 2011; Klang et al., 2012). 

TEM is commonly used to provide information of a two-dimensional cross-section of the 

structure. For example, a cross-sectional image of soy oil droplet interface, observed by TEM, 

shows that it is stabilised by droplets coated with WPMs, the dimensions of the droplets and 

WPMs being approximately 500 and 200 nm, respectively (Figure 2-8d) (Cheng et al., 2019). 

In TEM, the electron beam is focused and directed through the samples by a series of magnetic 

lenses. Part of the electron beam is either absorbed or scattered by the object, while the rest is 

transmitted. The transmitted electron beam is magnified by a magnetic lens and then projected 

onto a screen to create an image of the specimen. Electrons are highly attenuated by most 

materials and therefore samples must be sectioned to extremely thin (~ 50 – 100 nm) layers. 
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To enhance the electron density contrast between components, selectively staining the sample 

with various heavy metal salts, such as lead, tungsten, or uranium, is applied. These metal salts 

may bind to the component itself (positive staining) or to the surrounding material (negative 

staining). The need to use very thin dehydrated samples that often require staining means that 

sample preparation is considerably more time-consuming and cumbersome than for other forms 

of microscopy and may lead to appreciable image artefacts.  

A more three-dimensional structure, i.e., the surface topography of samples, can usually be 

observed by SEM. Rather than measuring the electrons passing directly through the sample, 

the measurement relies on the secondary electrons produced when the sample is bombarded by 

the electron beam. Sample preparation for SEM is much easier than for TEM and does not 

require an ultra-thin sample. However, attempt to directly observe hydrated samples using any 

electron microscopy techniques, either SEM or TEM, would result in an instantaneous 

vaporization of water due to the high vacuum. Therefore, the sample used in conventional SEM 

needs also to be dehydrated by freeze-drying, which may alter the structure of the sample, such 

as causing shrinkage and aggregation between particles. Recent advances in electron 

microscopy techniques allow the observation of liquid containing samples under a frozen state 

by cryogenic preparation (Echlin, 1992). In the cryo-microscopy technique, the sample is 

frozen and is maintained within the microscope at low temperature. This enables the sample to 

remain hydrated under high vacuum. The freezing step permits the preservation of the original 

structure, and the technique is relatively fast and requires few preparation steps. For example, 

with the cryo-SEM techniques, the droplet interface maintain its shape without vigorous 

shrinking allowing the observation of thin film between the WPMs aggregates at the heptane-

in-water interfaces (Figure 2-8b) (Destribats et al., 2014). 
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Despite the advancement in microscopic instrumentation, the optical microscope is still by 

far the most used instrument in many laboratories because it is easily for accessible and can be 

used without extra sample preparation such as staining, drying, and sectioning. Therefore, it is 

frequently used to obtain information on the shapes and size of droplets of the emulsion in the 

initial formulation stage, and even to monitor the droplet size evolution. However, because 

optical microscopes do not provide enough information for identifying the emulsion 

composition, confocal microscope is usually used, in combination, to provide more useful 

information on the distribution and structure of the compositional materials (e.g., emulsifiers 

and oils). To further examine the topological structure of specimens, TEM and SEM are also 

used to supplement confocal and optical microscopy observations.   
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(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 2-8: (a) 0.1 % WPMs-stabilised heptane droplets observed by optical microscopy and 

by (b) cryogenic-scanning electron microscopy (cryo-SEM); insert is 4 % WPMs particles in 

water observed by optical microscopy [reprinted from Destribats et al. (2014), with permission 

by Royal Society of Chemistry]. (c) WPMs-coated-primary emulsion-stabilised soy oil droplet 

observed by confocal laser scanning microscopy (CLSM) and by (d) transmission electron 

microscopy (TEM); in CLSM observation, the red colour represents the oil phase stained by 

Nile Red and the green colour represents the protein particles stained by Fast Green FCF 

[reprinted from Cheng et al. (2019), with permission by American Chemical Society].  



Chapter 2  

55 

2.7.3 Particle sizing by light scattering  

Most current particle sizing analyses are based on static light scattering (SLS) that is 

measuring the angular dependence of the scattered light or are based on dynamic light 

scattering (DLS) that measuring the intensity fluctuations in the scattered light. The advantages 

of determining particle size by scattering techniques over microscopic observation are (1) the 

scattering pattern recorded by the detectors is analysed automatically by software yielding 

particle size distributions, (2) they provide an average size of all droplets within minutes, 

whereas particle size determination by microscopic observation is subjective due to the 

limitations of the sample size and the bias of the observer. Monitoring particle size distribution 

of an emulsion with time is essential for predicting its long-term stability to creaming, 

flocculation, coalescence, and Ostwald ripening. The time-dependent evolution of the particle 

size distribution can be used to monitor the kinetics of these destabilization processes. 

2.7.3.1 Static light scattering 

Particle sizing using SLS is based on the principle that a monochromatic beam of light 

generated by a laser (e.g., He-Ne, λ = 632.8 nm) passed through the emulsions, where it is 

scattered by the emulsion droplets. The intensity of the scattered light is measured as a function 

of scattering angle using an array of photosensitive detectors located around the sample. The 

scattering angle is inversely related to the particle size, and the calculation of particle size 

distribution requires the input of the refractive index of both the scatter and surrounding liquid 

at the wavelength of the laser used. Many of commercial static light scattering instruments are 

now fully automated, easy to use, and provide full particle size distribution of an emulsion 

within seconds, i.e., the MasterSizer 2000/3000 measures the particle size distribution from 

0.02 to 2000 µm in diameter.  
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However, it should be noted that light scattering methods are suitable for measuring diluted 

emulsions but not suitable for in situ analysis of food emulsions that are optically opaque or 

solid-like (e.g., salad dressings, mayonnaise, butter, margarine, and ice-cream) because of 

problems associated multiple-scattering. In practices, SLS instruments is usually equipped with 

a water tank and stirring pump for dispersing the sample. This is designed for diluting the 

emulsion to a relatively low concentration of droplets (~ 0.1 %, translucent appearance) before 

the measurement, and preventing the multiple scattering effect that causes the underestimation 

of the droplet size. Thus, the dilution and stirring in SLS instrument disrupt the reversible 

droplet-droplet interactions and may alter the continuous phase of the emulsion. When SLS is 

used to determine the individual droplet size of an irreversibly aggregated emulsion, a 

surfactant (such as SDS) is usually added to disaggregate the oil droplets. 

2.7.3.2 Dynamic light scattering 

DLS, also known as photon correlation spectroscopy, are based on measurements of the 

translational diffusion coefficient of droplets determined by analysing the interaction between 

a laser beam and a particle (Dalgleish & Hallett, 1995). It does this by illuminating the object 

with a laser and analysing the intensity fluctuations in the scattered light. It faces the similar 

problem of multiple scattering to SLS and requires a low dispersion concentration of emulsion 

that is a translucent Newtonian fluid. DLS are particularly useful for measuring the size of 

particles that are smaller than 5 µm, for example, nano-scale emulsion droplets, protein 

aggregates, surfactant micelles, and other nanoparticles. Commercial instruments, such as the 

ZetaSizer, based on this principle are typically capable of analysing particles with diameters 

between 0.003 and 5 μm. As well as determining particle sizes, dynamic light scattering 

techniques can also be used to monitor the flocculation of particles in suspensions because 

aggregation causes them to move more slowly (Dalgleish & Hallett, 1995). It can also be used 
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to determine the thickness of adsorbed layers of emulsifier on spherical particles (Fang & 

Dalgleish, 1993; Hemar et al., 2021; Stetefeld et al., 2016). The radius of the spherical particles 

is measured in the absence of the emulsifier (providing they are stable to aggregation) and then 

in the presence of the emulsifier. The difference in radius is equal to the thickness of the 

adsorbed layer, although this value may also include the presence of any solvent molecules 

associated with the emulsifier. Alternatively, the change in particle radius can be monitored 

when a substance is added that causes the interfacial layer to be degraded and/or displaced, 

which also provides some measure of the dimensions of the interfacial layer (provided the 

particles remain stable to aggregation after the layer is removed). 

2.7.4 Small-angle scattering  

Small-angle scattering (SAS) techniques are widely used to probe the structure and 

interaction of materials at the Angstrom to micron length scale (Feigin & Svergun, 1987; 

Gilbert, 2019; Jeffries et al., 2021). SAS applications in colloids, complex fluids, and emulsions 

have benefited from the continued developments in instrument and sample environments 

capable of in-situ quantification of the structures of colloids or materials in response to changes 

in external conditions, such as SAS coupled with a rheometer to study structures under shear 

or flow (Rheo-SAS) (Burdette-Trofimov et al., 2020; Eberle & Porcar, 2012), with 

ultrasonication to study emulsion formation (Lee et al., 2019; Lee & Pozzo, 2019), and with 

high-pressure cell to investigate protein denaturation (Yang et al., 2016). SAS techniques are 

based on measurement of the angular-dependent intensity, 𝐼(𝑄), of scattered X-rays (SAXS) 

or neutrons (SANS) versus the magnitude of the wave vector, Q; with Q is given by  

 
𝑄 =

4𝜋𝑠𝑖𝑛𝜃

𝜆
  (2-7) 
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where 2θ is the scattering angle of the incident beam and λ is the wavelength of the incident 

beam as shown in Figure 2-9a. To reach lower Q and access information on larger length 

scales, ultra-small-angle scattering (USAS) instruments are used to provide sufficient angular 

resolution since the probing length scale, d, in the scatter is inversely relate to the Q as  

  
𝑑 =

2𝜋

𝑄
  (2-8) 

The resulting scattering intensity pattern, 𝐼(𝑄) , thereby, is a summed convolution of 

scattering of all length scale scatters illuminated in an incident beam as the function of Q, and 

can be expressed as 

 𝐼(𝑄) =  ∆𝜌2𝑉𝑃∅𝑃𝐹(𝑄)𝑆(𝑄) (2-9) 

where ∆𝜌 is the contrast between the scattering particle and the surrounding solvent, 𝑉𝑃 is 

the volume of scattering particle, ∅𝑃 is the dimensionless particle volume fraction, 𝐹(𝑄) is the 

form factor, and 𝑆(𝑄) is the structure factor that accounts for the correlation between the 

colloidal particles.  
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Figure 2-9: The basics of small angle scattering in food colloids. (a) Scattering geometry for a 

SAXS or SANS measurement; (b) Neutron scattering length densities for common food-based 

materials; (c) Core-shell structure in solution showing the possibility of selectively contrast 

matching two of the phases through changing solvent H2O/D2O composition: by matching the 

scattering length density of the solvent to core, only the shell is visible, while matching the 

solvent to the shell yields information only on the core [reprinted from Gilbert (2019a), with 

permission by Elsevier].  
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For SAS to function, there must be a contrast between the species of interest and its 

surrounding. The scattering contrast, ∆𝜌, is equal to ∆𝜌 =  𝜌𝑝 −  𝜌𝑠, where 𝜌𝑝 and 𝜌𝑝 are the 

SLDs of the species of interest and solution or surrounding matrix, respectively. The SLD, 𝜌, 

of a molecule with i atoms can be calculated from. 

  𝛿𝑁𝐴𝛴𝑏𝑖/𝑀 (2-10) 

where 𝛿 is the bulk physical density of the molecule (gcm-3), 𝑁𝐴 is Avogadro’s number, 𝑏𝑖 

is the X-ray or neutron, as appropriate, scattering length of the ith atom in the molecule and M 

is the molecular weight.  

Thus, the SLD of the molecules and contrast between them can be calculated from 

knowledge of the physical density and the chemical formula of the molecules. Contrast is 

radiation source dependent, the X-ray scattering length is determined by the number of 

electrons, whereas the neutron scattering length is determined by the structure of the atomic 

nucleus. Contrast in SANS can be manipulated through ‘contrast variation’ which relies on the 

different neutron SLD of hydrogen and deuterium. As the SLD for H2O is negative and for 

deuterium oxide (D2O) is positive, components may be strategically contrast matched using 

mixtures of D2O and H2O so that they effectively become transparent to neutrons as illustrated 

in Figure 2-9b; this greatly simplifies the scattering contributions in multicomponent systems 

as is shown in Figure 2-9c for a model core-shell particle with regions of different SLDs. 

Contrast variation may also be achieved through intrinsic differences in chemical composition 

and physical density or via strategic selective deuteration (Lee & Pozzo, 2019).  

There is no doubt that measuring the structure of sample as close as possible to its "native" 

state, i.e., under the set environmental conditions, is desirable but also challenging. In this sense, 

SANS possesses particularly attractive attributes for food colloids as a non-invasive technique 
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over SAXS, because neutrons fluxes per unit area of the beam are significantly lower than X-

ray. This implies that SANS measurement requires a larger sample exposure size (or say beam 

size) and longer exposure time. In addition, neutrons interact primarily with the nuclei of the 

elements, thus penetrating deeply into the sample without producing secondary ionising 

radiation. Compared to the radiation damage caused by X-rays, neutron scattering generally 

causes less damage to the structure of the sample. However, the high fluxes rate of synchrotron 

radiation source X-rays allow the unique experimental design for very rapid time-resolved 

studies and high-throughput screening of low-concentration and limited-volume samples (Lee 

et al., 2019).  

The absence of special sample preparation, such as staining and sectioning, undoubtedly 

creates fewer possible sample artefacts giving small angle scattering techniques more 

advantages over microscopy for quantitative analysis of structures. However, unlike 

microscopy techniques which provide direct visualisation of images, SAS produces non-visual 

information, providing structural information in 'reciprocal space'. This means that the 

scattering data must be inverted to real space or fitted with a reciprocal space model through 

mathematical functions and constrained by existing known parameters of the system. 

Information obtained from complementary techniques, e.g., microscopy and light scattering, is 

therefore essential. In practices, conducting SANS measurements with multiple contrasts 

serves to reduce the number of possible models. Mathematical form factors have been 

developed and applied to many scattering symmetries. These form factors can be combined 

with a range of structure factors to describe interparticle interactions and separation, the latter 

giving rise to correlation peaks. Occasionally, complicated models are not strictly required, and 

some structural parameters can be extracted from data in a straightforward manner, for example, 

Guinier or Porod analysis and in systems exhibiting fractal behaviours.  
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2.7.4.1 Small angle X-ray scattering in emulsion studies 

SAXS technique is a powerful tool for characterising the overall structures of colloids in 

Pickering emulsions, such as the internal structure of potential Pickering emulsifier, as whey 

protein microgel particles (Schmitt et al., 2010), and for in-situ monitoring on of the formation 

of Pickering emulsion stabilised with amphiphilic gold nanoparticles (Lee et al., 2019). In these 

colloidal systems, the scattering contrast arises between the scatters (particles or whole droplets) 

and their surrounding aqueous phase. For example, the structure of WPMs was investigated by 

SAXS at a range of pH conditions from pH 2.0 to 8.0 (Schmitt et al., 2010). As shown in Figure 

2-10a, the scattering profiles are primarily expected to reflect the overall size and shape of the 

WPMs at low Q regime (left end on X-axis). At high Q regime, the internal structure of the 

WPMs is primarily observed. A closer observation at scattering intensity the high Q regime 

showed that WPMs at all pH values exhibited a correlation peak at Q = 0.67 nm-1 (Figure 

2-10b). This correlation peak corresponds to a real-space distance of 9.2 nm, which could be 

related to the internal organization of the denatured whey protein monomers within the 

microgel. At pH values close to the isoelectric point (IEP), the correlation peaks are more 

pronounced due to the higher average number of close neighbours compared to the case of the 

highly charged building blocks at pH away from IEP. As the internal structure is proposed to 

be fractal, a power-law decay of the scattering curve should be observed (Figure 2-10a). The 

slope or fractal dimension is directly related to the compactness of the aggregate, where densely 

packed structures give rise to a scattering intensity which is decaying more steeply than more 

open structures with a smaller fractal dimension as illustrated in Figure 2-10c. The limiting 

case of a fractal dimension of 1 corresponds to a situation where the strands are stretched and 

are locally becoming cylindrical (Burchard, 1999; Schaefer, 1989; Zemb & Lindner, 2002).  
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Figure 2-10: (a) SAXS curves obtained from 4 % w/w WPM dispersions at selected pH values 

after subtraction of the solvent scattering. The curves are shifted vertically for better visibility. 

The fitting model consisted of a lognormal distribution of homogeneous spheres plus a power 

law decay of the intensity. The sample close to the isoelectric point (IEP) show correlation 

peak at the high Q-regime due to aggregation. (b) Enlargement of the high-Q regime of the 

SAXS curves showing the correlation peak at Q = 0.67 nm-1. (c) Theoretical scattering curve 

that results from a combination of a form factor of polydisperse spheres (10% polydispersity) 

and a contribution from the fractal internal structure of the microgel. At low-Q regime the curve 

is dominated by the overall size and shape of the particles. At high-Q regime the contribution 

of the fractal internal structure becomes important, leading to a power-law decay of the 

scattering curve. Relatively densely packed aggregates (e.g., fractal dimension of 2) give raise 

to a scattering curve which is decaying steeply (q-2) than more open structures with smaller 

fractal dimensions (q-1) [reprinted from Schmitt et al. (2010), with permission by Royal Society 

of Chemistry].  
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SAXS has advantages over other techniques in terms of examining emulsion formation in-

situ (Larson-Smith & Pozzo, 2012; Lee et al., 2019). Lee et al., (2019) has conducted the 

USAXS experiment at a custom designed acoustic sample environment to quantitatively 

examine structural changes of perfluorooctane during the application of acoustic forces (Figure 

2-11). The gold nanoparticles (GNP) and the coarse surfactant-free perfluorooctane were co-

dispersed at a volume ratio of 1:50. The dispersions of oil droplets and GNP were then 

sonicated using a focused ultrasound sample environment at various acoustic conditions. 

Figure 2-11 shows the structural changes quantified using ultra- small-angle X-ray scattering 

(USAXS) during sonication at various acoustic pressures (Figure 2-11a) as well as at different 

sonication time when the acoustic power is fixed (Figure 2-11b-c). With increasing acoustic 

pressure, two major changes in the scattering curves can be observed: one is in the low-Q 

regime that is typically associated with a change in the droplet size distribution, and the other 

is in the medium-Q, which is the characteristic features for Pickering emulsion formation, i.e. 

presence of a broad correlation peak arising from in-plane correlations of particles located at 

the oil droplet interface (Larson-Smith & Pozzo, 2012).  

As suggested by Larson-Smith & Pozzo (2012), the interparticle distance can be estimated 

by the position of the correlation peak using 𝐷 = 4𝜋 √3𝑄𝑝𝑒𝑎𝑘⁄ . As the scattering profiles at 

different acoustics pressure shown in Figure 2-11a, only samples sonicated at 7.2 MPa showed 

this characteristic inflection. Lee et al., (2019) have defined that cavitation events were crucial 

for Pickering emulsion formation and its threshold is above 6.4 MPa. Thus, the sub-threshold 

sample did not show any characteristic features of Pickering emulsion regardless of sonication 

time but only the changes on the perfluorooctane emulsion (surfactant free) size distribution 

(Figure 2-11b). However, the sample sonicated at 7.2 MPa showed an immediate change in 

the scattering profile (Figure 2-11c).  
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Figure 2-11: USAXS scattering curves of GNP with perfluorooctane sonicated at (a) various 

acoustic pressures. A model containing 2 spheres was used to fit the sample sonicated at 

acoustic pressures lower than the cavitation threshold (<6.4 MPa), and a Debye model was 

used to fit the sample sonicated at 7.2 MPa. Scattering length densities were fixed for water 

(9.47 × 10-6 Å-2), gold (124.69 × 10-6 Å-2) and perfluorooctane (14.47 × 10-6 Å-2). Scattering 

profiles of GNP with perfluorooctane sonicated at (b) 4 MPa (no cavitation) and (c) 7.2 MPa 

(cavitation) with increasing sonication time [reprinted from Lee et al. (2019), with permission 

by Elsevier].  
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2.7.4.2 Small angle neutron scattering in emulsion studies 

SANS has two major advantages over SAXS: (1) the different isotopes have different SLDs, 

which are particularly valuable in organic molecules, i.e., the SLDs of H is −0.374 × 10−12 cm 

and of D is 0.6674 × 10−12 cm; (2) the small adsorption cross-section of cold-thermal neutron 

makes them a penetrating probe that causes relatively little radiation-induced damage. SANS 

can, therefore, be used as non-invasively tool to probe buried interfaces, with the added benefit 

of contrast variation, allowing the use of isotopes to highlight specific components of the 

system. 

Yesiltas et al. (2019) has investigated the interfacial structure of 70 % O/W emulsion 

stabilized with combinations of CAS and phosphatidylcholine (PC) by SANS (Yesiltas et al., 

2019) . The contrast-variation is implemented by varying the oil phase with fish oil and 

deuterated hexadecane. Figure 2-12 showed the SANS curves of fish oil (red dot and black dot 

curves) are dominated by q-4 slope which arises from overall globular droplets including the 

contributions from all components. The scattering curve with deuterated hexadecane (blue dot 

curve) follows q-2 slope, which means that the scattering of hexadecane is matched out by the 

solvent D2O, and the scattering comes from a thin film where a lamella structure of the 

interfacial layer as q-2 slope extends to middle-Q. This allows to calculate the interface 

thickness as T ≈  3.2 nm by 𝑞 ∝ 1/𝑇 , which corresponds to the monolayer of PC. The 

researchers proposed that the interface is dominated by a well-defined PC monolayer while 

CAS particles remain loosely bound and are influenced by their proximity, forming so-called 

patchy arrays on the PC layer.  
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Figure 2-12: SANS profiles for O/W emulsion of fish oil (red and black dot) and deuterated 

hexadecane (blue dot) emulsified by combination of CAS (1.05% w/w) and various PC 

concentrations (0.35 and 1.75 % w/w). The solid lines are calculated total scattering from PC 

monolayer and CAS particles with a constant background contribution, while dashed lines 

represent the individual scattering contribution from CAS particles (black) and PC monolayer 

(blue) [reprinted from Yesiltas et al. (2019), with permission by Elsevier].  
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The main advantage of contrast variation-SANS as a molecular-transport characterization 

tool originates from differences in SLDs between hydrogenated and deuterated versions of 

identical molecules. This allows researchers to directly examine exchange kinetics using nearly 

identical molecular isotopes without the need for any additional labelling. Lee & Pozzo (2019) 

have investigated the kinetics of oil exchange between (d-)hexadecane droplets in emulsions 

with and without the presence of SDS as shown in Figure 2-13. The emulsions without the 

presence of surfactant had hydrodynamic diameter of 907 nm with a polydispersity index (PDI) 

of 0.3, while emulsions emulsified by SDS had a mean diameter of 98 nm with a PDI of 0.2 as 

determined by DLS. Examples of the obtained SANS profiles and its modelled fits are shown 

in Figure 2-13. As can be seen in the figures, all the samples showed a decrease in scattering 

intensities over time, indicating that oil molecules were able to exchange between droplets 

regardless of whether SDS were present or not. Interestingly, the decrease in scattering 

intensity was extremely slow for samples without SDS. Still, ultimately the emulsion systems 

would reach a fully mixed state where minimal scattering intensities were recorded in the 

mixed control samples. When surfactants were present, the recorded scattering intensities 

decreased at a significantly faster rate. However, the exchange rate was not significantly 

accelerated when surfactant micelles were present. This suggests that micellar-mediated 

transport mechanisms do not play the dominant role in these systems. Primary mechanisms for 

oil exchange in insoluble anionic surfactant-stabilized emulsion systems are hypothesized to 

be through direct emulsion contact, reversible coalescence, and/or direct oil permeation 

through thin liquid films.  
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Figure 2-13: Scattering profiles of droplet oil exchange at (a) 35 °C, (b) 45 °C, and (c) 60 °C 

of a 1 vol % hexadecane emulsions stabilized by 1 mM SDS sample. Increasing sample 

environment temperature results in a faster decrease in scattering intensities [reprinted from 

Lee & Pozzo (2019), with permission by American Chemical Society].  
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2.8 Conclusion 

During the last decade, various types of particles have been developed and studies for their 

applications in emulsion-based system. Substantial attention has already been given to the 

suitability of protein-based particles derived from milk proteins (Araiza-Calahorra & Sarkar, 

2019; Destribats et al., 2014; Dickinson, 1994b; Li et al., 2013b; Lv et al., 2020; Shi et al., 

2020; Wei et al., 2020; Xu et al., 2020b; Yan et al., 2020; Zhang et al., 2021b; Zhao et al., 

2021b) and lipid-based particles coated with milk proteins to stabilise oil-in-water emulsions 

(Lim et al., 2020; Pawlik et al., 2016; Sakellari et al., 2021; Schröder et al., 2018; Ye et al., 

2013b). Benefits in terms of physical stability have already been shown for different types of 

particles, which can be related to the fundamentally different mechanism of stabilisation as 

compared to conventional emulsifiers. Interfacial coverage and emulsion rheology have been 

shown to be influenced by particle structures, where soft particles can lead to a full and dense 

interfacial coverage as they can undergo substantial flattening at the oil-water interface 

(Destribats et al., 2014; Pawlik et al., 2016; Wang et al., 2018; Ye et al., 2013b). Additional 

benefits of using lipid particles over protein particles to stabilise emulsion have been shown to 

be the co-delivery of active compounds (Sakellari et al., 2021).  

However, there are several potential mechanisms that must be understood prior to the 

functional applications of droplet-stabilised emulsions, including the formation, 

physicochemical properties, and stabilities (e.g., coalescence and oil-exchange between 

droplets) of droplet stabilised emulsions. In emulsion characterisation, small-angle neutron/X-

ray scattering techniques are powerful tools, not only for probing particle/droplet structures at 

high resolution (Angstrom length scale), but also for examining droplet compositions using 

different scattering length densities of materials. The high sample penetration and resolution, 

as well as the absence of special sample preparation, undoubtedly can create fewer possible 
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sample artefacts, giving small angle scattering techniques more advantages over light scattering 

and microscopy and for quantitative analyses.  

Herewith, the objectives of this project are: 

1. Producing colloidal particles using milk proteins for making nano-sized primary 

droplets, and the production of droplet-stabilised emulsions. It is hypothesised that by 

varying the interfacial layer structure of the primary droplet, the subsequent adsorption 

behaviour of the primary droplet would be altered.  

2. Characterising the adsorption of the primary emulsion at the interface of droplet-

stabilized emulsion as affected by environmental conditions (i.e., concentration of 

primary droplet, ionic strength, and pH). It is hypothesised that adsorption of the 

primary droplets at the interface is enhanced by removing the adsorption competition 

from the co-existing free proteins and by decreasing the pH and droplet-droplet 

repulsion.  

3. Investigating the mechanical properties and long-term stability of droplet-stabilised 

emulsions at a high dispersed droplet volume fraction of 70 % as affected by the 

adsorption of the primary emulsions and the environmental conditions. The primary 

emulsion droplet layer is assumed to be pH and temperature responsive. It is 

hypothesised that mechanical properties of concentrated droplet-stabilised emulsions 

are enhanced by a thicker primary droplet layer induced by lowering pH and by heating. 

4. Investigating the behaviour of these DSE emulsions during in vitro dynamic gastric and 

intestinal digestion. The hypothesis is that the thick interface made of the nano-sized 

primary droplets slows down the enzymatic digestion of the core oil droplets. 
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5. Developing a methodology to characterise oil diffusion between the adsorbed primary 

droplets and the core droplet. It is hypothesised that inter-droplet oil exchange occurs 

in the emulsion due to the narrow contact between the primary and core droplets. 
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Chapter 3 Interfacial structures of droplet-stabilized emulsions 

formed with whey protein microgel particles as revealed by small 

and ultra-small angle neutron scattering 

Graphic abstract Cover 

  
 

Abstract 

Droplet-stabilized emulsions (DSEs) were made from oil droplets coated with whey protein 

microgel (WPM) particles. The WPM particles with z-average hydrodynamic diameters of 

270.9 ± 4.7 and 293.8 ± 6.7 nm were obtained by heating whey proteins with 10 mM phosphate 

buffer pH 5.9 (-PB) and no buffer (-NPB), respectively. The primary emulsions coated by 

WPM-NPB and WPM-PB particles had mass fractal dimensions of  2.75, as determined by 

small and ultra-small angle neutron scattering (SANS and USANS). The size of the 

subsequently formed DSEs (D32  7 – 23 µm), which were stabilized by the primary emulsion 

droplets, made with either WPM-NPB (termed DSE-NPB) or WPM-PB (termed DSE-PB) was 

dependent on the concentration of the primary emulsion (10 – 60 wt%) in the aqueous phase. 

At the DSE-NPB interface, the adsorbed primary emulsion droplets formed a fractal network 

with a surface fractal dimension of about 3, indicating a rough interfacial layer. Combined 
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SANS and USANS allowed a comprehensive understanding of the multi-length scale structures 

from WPM particles to DSEs.  

3.1 Introduction 

Proteins are important natural emulsifiers for the manufacture of edible oil-in-water 

emulsions, because of their amphiphilic characteristics and high surface activity. They adsorb 

on to oil‒water interfaces through hydrophobic interactions and stabilize the emulsion with a 

combination of electrostatic and steric mechanisms (McClements, 2015b). To provide long 

term stability, colloidal protein particles can be used to produce Pickering emulsions (Binks, 

2002; Destribats et al., 2014). One such type of colloidal particle is the whey protein microgel 

(WPM) with a diameter of ~ 150 nm, which is stable under different pH conditions, and can be 

obtained at pH 5.9 by heat treatment and homogenization (Schmitt et al., 2010). Pickering 

emulsions formed with these nano-sized WPM particles have been reported to be stable 

towards coalescence for up to 8 months of storage at pH 7 and 150 mM NaCl (Destribats et al., 

2014). With changes in pH, the WPM particles assemble into different structures at the 

interface: at pH values near the isoelectric point of the WPM, the particles form a continuous 

two-dimensional network; at pH values far from the isoelectric point, they assemble as sparse 

individual aggregates, resulting in a differently structured interfacial layer (Destribats et al., 

2014). 

A novel type of protein-based particle, comprising a soft core of oil coated with casein 

micelles, has also been used as an emulsion stabilizer; it has the advantages of long term 

stability and lipophilic compound delivery (Ye et al., 2013b). These primary emulsion (PE) 

droplets were able to emulsify a newly formed oil‒water interface, inducing a hierarchical oil-

in-water emulsion that is referred to here as a droplet-stabilized emulsion (DSE). In the DSE 

system, Ye et al. (2013) reported that the PE droplet deformed significantly at the interface of 
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the DSE droplet. This deformation was probably driven by a tendency to maximize the 

interaction of the casein aggregates (adsorbed at the PE droplet surface) with the oil‒water 

interface through the bridging of the protein between the interface of the PE droplet and the 

DSE droplet.  

In the present study, we explore the effect of PE droplets coated with different WPM 

particles on the formation of a DSE and quantitatively describe the interfacial layer of the DSE. 

Different types of WPM particle dispersions were obtained by heating a whey protein solution 

in the absence and in the presence of 10 mM phosphate buffer pH 5.9. The adsorption and 

interfacial properties of both the WPM particles, and the subsequently produced PE droplets, 

were characterized. The arrangement of the PE droplets at the interface of the DSE were probed 

using small and ultra-small angle neutron scattering (SANS and USANS), transmission 

electron microscopy (TEM), and confocal laser scanning microscopy (CLSM). SANS and 

USANS were chosen because these are powerful non-invasive techniques for characterizing 

complex structures in various fields, e.g., biology (Heller & Littrell, 2009), environment 

science(Jarvie & King, 2007), and food science (Gilbert, 2019; Lopez-Rubio & Gilbert, 2009). 

They complement microscopy analyses well, providing bulk quantitative structure information 

of the whole sample (Lopez-Rubio & Gilbert, 2009). The influences of the structure of the 

WPM particles and the concentration of the PE on the interfacial structure of the DSEs are 

discussed. 

3.2 Materials and methods 

3.2.1 Materials  

Whey protein isolate (WPI) powder manufactured by ion exchange and proprietary ultra-

filtration was obtained from Fonterra Co-operative Group Limited, Auckland, New Zealand. 

WPI powder contained 93.0 wt% protein, 4.8 wt% moisture, 1.0 wt% fat, 0.3 wt% lactose, 0.54 
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wt% sodium and 0.08 wt% calcium. Soya oil was purchased from Davis Trading Company, 

Palmerston North, New Zealand. All other chemicals used were of analytical grade and were 

obtained from either BDH Chemicals (BDH Ltd, Poole, UK) or Sigma-Aldrich (St. Louis, MO). 

3.2.2 Preparation of WPM particles 

The method for producing heat-induced WPM particles was adapted from Schmitt et al. 

(2010) with some modifications. The protein concentration was set to 4 wt% to obtain the 

optimum aggregation conversion yield of WPI. WPI powders were dissolved in ultrapure Milli-

Q water (18.2 MΩ·cm) or in Milli-Q water containing 10 mM phosphate buffer pH 5.9. The 

protein dispersions were stirred at room temperature for 1 h, followed by overnight storage at 

4 °C to ensure complete hydration. The pH of the protein dispersions was adjusted to 5.90 ± 

0.01 using 2 M HCl or 2 M NaOH prior to heating.  

The protein dispersions were heated at 85.0 ± 1.0 °C in a water bath for 45 min under 

magnetic stirring at 500 rpm, with the heating time commencing from when the temperature of 

the dispersions reached 85.0 °C; the heated dispersions were subsequently cooled in a 

circulating cold-water bath at 18 ± 1.0 °C. To remove the unwanted nonaggregated whey 

proteins and phosphate buffer, heated samples were washed by adding Milli-Q water and 

centrifuging at 20 °C and 20,000 × g for 15 min, and the supernatant was removed; this process 

was repeated five times. The nonaggregated whey proteins in the supernatant were checked 

with sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis using a Bio-Rad mini-

gel slab electrophoresis unit (Bio-Rad Laboratories, Richmond, CA) as described by Ye (2010). 

A negligible amount of whey proteins remained in the supernatant even after five washing steps 

(Supplementary material, Figure S 3-1). The centrifuged pellets were redispersed in Milli-

Q water to a final protein concentration of 10 wt%.  
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To obtain a homogeneous WPM particle size, the WPM dispersions were homogenized 

using a micro-fluidizer (M-110EH; Microfluidics Corporation, Newton, MA) with three passes 

at a pressure of 138 MPa. In this article, the WPM particles made from the WPI dispersed in 

10 mM phosphate buffer pH 5.9 are named WPM-PB particles and those made without 

phosphate buffer are named WPM-NPB particles. The extent of aggregation of whey protein 

and the structure of two WPM particles were expected to be different because the additional 

ionic strength from phosphate buffer promoted protein aggregation via charge screening and is 

unfavourable towards the thiol-disulphide bond exchanges (de la Fuente et al., 2002).  

3.2.3 Emulsion preparation 

3.2.3.1 PE preparation 

WPM particle dispersions with 10 wt% protein concentration were used for PE preparation. 

The pH of the WPM particle dispersions was adjusted to 7.00 ± 0.01 using 2 M HCl or 2 M 

NaOH. Soya oil was mixed with the WPM particle dispersions to give an oil concentration of 

10 wt% in the final emulsion, and a protein concentration of 9 wt%. The mixtures were warmed 

in a water bath to 55 °C and were pre-homogenized by a rotor‒stator Ultra-Turrax (D500; 

LabServ, Germany) at 10,000 rpm for 2 min, followed by two-stage homogenization (Homolab 

2; FBF Itatlia, Italy) at pressures of 25 MPa (first stage)/5 MPa (second stage) with three passes. 

Sodium azide was added at a concentration of 0.02 wt% for sample preservation. 

3.2.3.2 DSE preparation 

The PEs were diluted in Milli-Q water to concentrations of 10, 30, and 60 wt% for DSE 

preparation (corresponding to oil concentrations of 1, 3, and 6 wt%, and protein concentrations 

of 0.9, 2.7, and 5.4 wt%, respectively). These DSE samples are denoted as DSE-NPB X or 

DSE-PB X, where X is 10, 30, or 60 as appropriate. Soya oil (10 wt%) was mixed with the 
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diluted PE dispersions to final total oil concentrations of 11, 13, and 16 wt%. The mixtures 

were warmed in a water bath to 55 °C and were pre-homogenized by magnetic stirring at 1,000 

rpm for 5 min, followed by homogenization using a rotor‒stator Ultra-Turrax (D-130; LabServ, 

Mexico) at 30,000 rpm for 2 min. Sodium azide was added at a final concentration of 0.02 wt% 

as a preservative. 

3.2.4 Dynamic light scattering (DLS) 

DLS (ZetaSizer Nano ZS, Malvern Instruments Ltd, Worcestershire, UK) was used to 

determine the intensity-based z-average hydrodynamic diameter of the WPM particles. The 

ZetaSizer was equipped with a laser emitting at 633 nm at a power of 4 mW. The detector 

position was located at 173°, giving a backscattering configuration. The attenuation was 

automatically adjusted depending on the turbidity of the sample. The refractive index of water 

was set to 1.33. Measurements were performed at 25 °C and were repeated three times for each 

sample. 

3.2.5 Static light scattering (SLS) 

SLS (MasterSizer Hydro 2000, Malvern Instruments Ltd, Worcestershire, UK) was used to 

determine the average diameters of the emulsion droplets. The refractive indexes of the 

aqueous phase and the droplet-dispersed phase were set to 1.33 and 1.47, respectively. 

Measurements were performed at room temperature and were repeated three times for each 

sample. Average droplet sizes were reported as the Sauter mean diameter (D32), or the volume 

mean diameter (D43). 

3.2.6 Confocal laser scanning microscopy.   

A confocal microscope (Leica, Heidelberg, Germany) equipped with a 63× oil immersion 

objective lens was used to characterize the microstructure of the emulsion droplets. Nile Red 



Chapter 3  

79 

and Fast Green dyes were dissolved in acetone (1 mg/mL) and Milli-Q water (10 mg/mL), 

respectively. For oil staining, 20 µL of Nile Red in 500 µL of emulsion was used; for protein 

staining, 20 µL of Fast Green was used. A 5 wt% agarose solution was mixed with the emulsion 

at a 1:1 (w/w) ratio for sample fixing. Nile Red was excited by an argon laser at 488 nm and 

the emitted fluorescence between 494 and 605 nm was measured. Fast Green was excited by a 

helium‒neon laser at 633 nm and the emission between 638 and 750 nm was measured. To 

enhance the image quality, sequential scanning was used. Images were captured with LAS AF 

software (version 2.7.3.9723) at room temperature. They were analysed using ImageJ software 

(ImageJ, National Institutes of Health, Bethesda, MD). 

3.2.7 Transmission electron microscopy.   

Sample preparation followed the method reported by Ye et al.(2013) Samples were placed 

into an embedding capsule and were cured at 60 °C for 48 h. The embedded samples were then 

sectioned to a thickness of 90 nm using a Reichert Ultra-cut microtome. These sections were 

mounted on 3 mm copper grids and were stained with lead citrate before observation using a 

Philips transmission electron microscope (NL-5600 MD; Philips, Eindhoven, The Netherlands) 

at an acceleration voltage of 60 kV. 

3.2.8 Pendant drop method for interfacial tension (IFT) 

A contact angle and surface tensiometer (KSV Instruments Ltd, Helsinki, Finland) was used 

to examine the time evolution of the IFT of the WPM particles and the PE droplets using the 

pendant drop method. The tensiometer was operated in a volume-controlled regime, via 

continuous measurement of the drop area and volume, approximated by a Laplacian profile. 

During measurement, the WPM particle dispersion, or the PE, was the drop phase hanging 

from the syringe tip, against the surrounding pure soya oil. The volume of the drop was about 
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40 μL. The shape of the drop was determined from the balance of forces, which includes the 

IFT of the liquid. The IFT at the liquid interface can be related to the drop shape through: 

 
𝛾 =

∆𝜌 × 𝑔 × 𝑅0
2

𝛽
 (3-1) 

where γ is the interfacial tension, Δρ is the difference in density between the fluids at the 

interface, g is the gravitational constant, R0 is the radius of the drop curvature at the apex, and 

β is the shape factor. The shape factor can be defined through the Young−Laplace 

equation.(Neeson et al., 2014) 

3.2.9 Small and ultra-small angle neutron scattering.   

SANS and USANS experiments were performed on the BILBY(Sokolova et al., 2016, 2019) 

and KOOKABURRA(Rehm et al., 2013; Rehm & de Campo, 2016) instruments, respectively, 

at the OPAL reactor at ANSTO, Sydney, Australia. SANS (BILBY) was used to probe the 

structures and interfaces of the particles in the bulk on a length scale ranging between 

approximately 6 and 600 nm. USANS (KOOKABURRA) extended the range of the 

experimentally measurable length scale accessible by BILBY, by between one and two orders 

of magnitude, into the micrometre scale with a maximum at about 16 µm. 

BILBY was configured in a time-of-flight configuration using a neutron wavelength range 

of λ = 2‒20 Å (Δλ/λ = 9.6–15.0%). The rear detector was positioned at 15.0 m from the sample, 

and the other detectors were positioned at 3.5 m (horizontal curtains) and 2.5 m (vertical 

curtains), giving access to a q range of ~ 0.001–0.4 Å‒1, corresponding to a probed periodic 

length scale from about 1.6 nm up to 628 nm, where q is the magnitude of the scattering vector 

= (4π/λ) sin θ, λ is the wavelength (Å), and 2θ is the scattering angle. KOOKABURRA was set 

up in the long wavelength configuration (4.74 Å), giving access to a q range of ~ 4.0 × 10‒5–

0.01 Å‒1, corresponding to a periodic length scale from about 62.8 nm up to 16 µm. 
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Samples of 10 wt% protein for WPM particle dispersions or of 10 wt% oil for emulsions 

(PEs and DSEs) were diluted by a factor of 50 (v/v) in D2O to avoid multiple scattering. This 

gave an aqueous phase with 98.1 wt% D2O for the WPM particle dispersions and 98.4 wt% 

D2O for the emulsions. Two of these emulsions ‒ pure PE-NPB and DSE-NPB 60 (i.e., 

stabilized with 60 wt% PE-NPB) ‒ were also diluted by a factor of 50 (v/v) in a 5 wt% SDS 

solution in D2O to reveal the structure of individual emulsion droplets, because SDS breaks 

hydrophobic interactions and displaces protein molecules from the oil‒water interface.(Mackie 

et al., 2000; Taneja et al., 2015) For the BILBY measurements, samples were loaded into 

Hellma QS-120 cells with a 1 mm path length, using a 12.5 mm beam size; for the 

KOOKABURRA measurements, samples were enclosed in larger cells of 40 mm diameter and 

1 mm path length, and where the beam size was defined by a 29 mm diameter gadolinium 

aperture. Both the USANS data and the SANS data were reduced. The USANS data were 

desmeared and combined with the SANS data to give a full q range from 4.0 × 10‒5 to 0.4 Å‒1. 

It is worth noting that the data beyond 0.04 Å‒1 from BILBY were affected by strong incoherent 

scattering of the hydrogenous material and did not contain structural information.(Schaefer et 

al., 2003) Hence, the q range (4.0 × 10‒5, 0.02 Å‒1) was considered for data analyses in the 

present work. The data were analyzed with IGOR Pro 8.02 (www.wavemetrics.com). 

A Guinier‒Porod model, which was used to fit the USANS/SANS data, describes the radius 

of gyration and the power law behavior of a scattering system. The scattered intensity is given 

by: 

 𝐼(𝑞) = 𝐺 exp (
−𝑞2𝑅𝑔

2

3
)   for q ≤ 𝑞1, and  

 𝐼(𝑞) =
𝐷

𝑞𝛼
 for 𝑞 ≥ 𝑞1 (3-2) 

http://www.wavemetrics.com/
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where q is the scattering vector, I(q) is the scattered intensity, Rg is the radius of gyration, α 

is the Porod exponent, and G and D are the Guinier and Porod scale factors, respectively. The 

Guinier form is used for q ≤ q1 and the Porod form is used for q ≥ q1. The neutron scattering 

data are fitted using the Guinier‒Porod treatment proposed by Hammouda,(Mehalebi et al., 

2008) as opposed to the unified model proposed by Beaucage (Beaucage, 1995). The latter 

approach ensures mathematical continuity of values of the Guinier and Porod terms and their 

slopes at a value q1, which are constrained by: 

 
𝑞1 =

1

𝑅𝑔
(

3𝛼

2
)

1/2

, and  

 

 

 𝐷 = 𝐺 exp (
−𝑞2𝑅𝑔

2

3
) 𝑞1

𝛼 = 𝐺 exp(−
𝛼

2
) (

3𝛼

2
)

𝛼/2 1

𝑅𝑔
𝛼  (3-3) 

It should be noted that the value of q1 is not set, but is calculated using equation (3-3). 

If the Porod slope lies in the range ‒3 > α > ‒4, the scattering can be related to the surface 

fractal dimension Ds, where α = Ds ‒ 6; an object with Ds = 2 would indicate a smooth surface 

whereas an object with Ds varying between 2 and 3 would indicate a rough surface(Schaefer, 

1989; Schaefer et al., 2003; Yang et al., 2019b). If the Porod slope lies in the range ‒1 > α > ‒

3, the scattering can be related to the mass fractal dimension Dm, where α = ‒Dm. An increasing 

mass fractal dimension (1 < Dm < 3) can be related to an increasing network compactness of 

the aggregate (Hammouda, 2016; Schmitt et al., 2010). 

In the present work, there were two different Porod slopes: one at high q in the case of the 

WPM particle dispersion; one at low q for the PE flocs and the DSE droplets. In the latter case, 

there was a lack of size information for the PE flocs and the DSE droplets, because the data did 

not extend to very low q (Yang et al., 2019b; Zank et al., 2006). 
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3.3 Results and discussion  

For ease of reading, the main abbreviations used for the different systems in this study are 

repeated. WPM-PB and WPM-NPB are the whey protein microgels (WPMs) formed in the 

presence of phosphate buffer (PB) and in the absence of phosphate buffer (NPB). The primary 

emulsions (PEs) made with WPM-PB and WPM-NPB are named PE-PB and PE-NPB, 

respectively. The droplet-stabilized emulsions (DSEs) stabilized by PE-PB and PE-NPB are 

named DSE-PB and DSE-NPB, respectively. 

3.3.1 Characterisation of the WPM particles 

The particle size distributions of the WPM particles in Milli-Q water determined by DLS 

were found to be monomodal with a size range from 100 to 800 nm, as shown in Figure 3-1A. 

The z-average hydrodynamic diameters (Dh) were 270.9 ± 4.7 and 293.8 ± 6.7 nm with 

relatively narrow polydispersity indexes of 0.06 and 0.11 for the WPM-NPB and WPM-PB 

particles, respectively. The optical microscopy images [Figure 3-2(A-1) and (B-1)] showed 

that the parent whey proteins formed small aggregates after heat treatment without phosphate 

buffer, whereas they formed coarse aggregates after heat treatment with phosphate buffer. The 

TEM images [Figure 3-2(A-2) and (B-2)] show that, after size reduction of aggregates by 

microfluidizer, both the WPM-NPB particles and the WPM-PB particles were approximately 

spherical with diameters of about 200 nm, which was consistent with the DLS measurements 

and in good agreement with previous studies (Destribats et al., 2014; Sarkar et al., 2016a; 

Schmitt et al., 2010). In addition, the backgrounds of the TEM images [Figure 3-2 (A-2) and 

2(B-2)] showed that the WPM-PB particle dispersion contained small protein aggregate 

fragments (black dots), in the range of a few nanometres, coexisting with the WPM-PB 

particles; in contrast, the WPM-NPB particle dispersion had a negligible amount of protein 

aggregate fragments.  
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Figure 3-1: (A) ( ), WPM-NPB particles, microgels formed without phosphate buffer; ( ), 

WPM-PB particles, microgels formed with 10 mM pH 5.9 phosphate buffer. (B) Droplet size 

distributions by MasterSizer of the PEs at 25 °C and natural pH: ( ), PE-NPB stabilized by 10 

wt% WPM-NPB particles; ( ), PE-PB stabilized by 10 wt% WPM-PB particles. 
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Figure 3-2: Microscope images of (A) WPM-NPB, microgels formed without phosphate buffer, 

and (B) WPM-PB, microgels formed with 10 mM phosphate buffer during heating. (A-1) and 

(B-1): optical images for the whey protein aggregates without and with phosphate buffer, 

respectively; scale bar is 50 µm. (A-2) and (B-2): negative-staining TEM images for WPM-

NPB and WPM-PB particles, respectively; scale bar is 200 nm. 
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It has been shown that, at pH 5.9, heat treatment at 85 °C promotes the conversion of whey 

proteins into covalently cross-linked aggregates through disulphide bonds (Schmitt et al., 2010). 

The subsequent formation of WPMs has been attributed to secondary non-covalent interactions 

of primary disulphide-linked aggregates (Brugger et al., 2008; de la Fuente et al., 2002; 

Hoffmann et al., 1996; Schmitt et al., 2010). The extensive aggregation in the WPM-PB 

particles, where the proteins were dispersed in phosphate buffer, was the consequence of the 

charge screening by the presence of ions in the buffer, in which the electrostatic repulsion 

decreased, thereby accelerating aggregation through noncovalent interactions (Ako et al., 2010; 

Kharlamova et al., 2016; Salis et al., 2011; Wijayanti et al., 2014). The size reduction of the 

whey protein aggregates, as a result of the micro-fluidization, led to the formation of WPM 

particles as well as to small protein aggregate fragments. 

To further characterize the microstructures of the WPM particles, Guinier‒Porod fitting was 

applied to the USANS and SANS data (Figure 3-3). The scattering intensity exhibited a plateau 

at low q, followed by steep decays at higher q for both particles. The slopes at high q yield the 

surface fractal dimension (Ds) of the WPM particles, representing their surface roughness. The 

plateaus were limited in the low q range by a curvature at transition points of qa = 0.0023 Å‒1 

for the WPM-NPB particles and of qb= 0.0014 Å‒1 for the WPM-PB particles. The best fit in 

the range 4.0 × 10‒5 < q/Å‒1 < 0.02 yielded Rg values of 132.9 ± 0.7 and 153.0 ± 1.0 nm and Ds 

values of 2.07 ± 0.01 and 2.40 ± 0.01 for the WPM-NPB particles and the WPM-PB particles, 

respectively. These results suggest that the WPM-NPB particles had a smaller size and a 

smoother surface, whereas the WPM-PB particles had a larger size and a rougher surface. 

Assuming spherical particles of uniform scattering density, and using Rg = (3/5)(Dh/2),(Witten 

et al., 2004) the associated particle diameters corresponded to 327.1 and 395.0 nm, respectively. 

Even though the not strictly spherical shape of the WPM particles may have affected the 
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accuracy of the diameter calculation, the calculated diameters (Dh) from the Rg equation were 

in reasonable agreement with the Dh values, measured by DLS, of 270.9 and 293.8 nm for 

WPM-NPB and WPM-PB, respectively.  

The rough surface for the WPM-PB particles may have been the combined result of the size-

reduction process and the relatively loose internal structure of the particles. As well as causing 

extensive aggregation, the phosphate buffer probably slowed down the thiol‒disulphide 

exchange because it would have had the effect of maintaining the pH constant at around 5.9 

upon heating (de la Fuente et al., 2002). From our observation in the present study, the final 

pH values were recorded as 6.18 for sample without buffer and 5.92 for the one with buffer, 

respectively. The differences in the size, surface roughness, and the extent of coexisting 

fragments for the two WPM particle dispersions may have influenced their adsorption 

behaviours at the oil‒water interface of the PE. 
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Figure 3-3: Combined USANS (open symbols) and SANS (solid symbols) data for WPM-

NPB particles (blue) and WPM-PB particles (red). The WPM concentration is 0.2 wt%. Solid 

lines represent fits using the Guinier‒Porod model.  
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3.3.2 Characteristics of PEs stabilised by WPM particles 

Prior to emulsification, all heated whey protein aggregates were washed with Milli-Q water 

to remove phosphate buffer and to achieve the same low ionic strength in the emulsions. The 

CLSM images [Figure 3-4(A-1) and 4(B-1)] demonstrated that droplet flocculation occurred 

in both PE-NPB and PE-PB. The size distributions of the PE-NPB and PE-PB flocs were 

comparable, as measured by the MasterSizer (Figure 3-1B), ranging from 2.5 to 158.5 µm. 

The average Sauter mean droplet diameters (D32) were 14.7 and 12.5 µm for the PE-NPB and 

PE-PB flocs, respectively. 
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Figure 3-4: Confocal images: (A-1), PE-NPB stabilized with WPM-NPB particles; (B-1), PE-

PB stabilized with WPM-PB particles. Negative-staining TEM images: (A-2), PE-NPB; (B-2), 

PE-PB. 
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The TEM images [Figure 3-4(A-2) and 4(B-2)] showed that, between neighbouring droplets 

in both PE-NPB and PE-PB, two different interfaces were bridged by the WPM particles, which 

caused the droplet flocculation. The adsorbed WPM particles formed a monolayer at the 

interfaces and remained globular in shape. At neutral pH, Destribats et al. (2014) also reported 

that emulsion droplets stabilized by WPM particles tended to flocculate. In addition to the 

mechanism of particle bridging, they proposed that the flocculation could result from the 

attractive force between the particle films formed between the emulsion droplets, as observed 

by optical microscopy; this has also been discussed by Gautier et al. (2007). Flocculation 

induced by particle‒particle interactions is commonly encountered in large emulsion droplets, 

because the attractive forces at close droplet separations are dominant (Destribats et al., 2014; 

Dickinson, 2010a; Gautier et al., 2007; McClements, 2004). However, as the PE droplets in the 

present study were much smaller than the emulsion droplets (D32 about 80 µm) reported by 

Destribats et al. (2014) it is likely that, in the present system, particle bridging was the major 

mechanism. 

Aggregate fragments (small black dots indicated by the blue arrows) were adsorbed at the 

interface of the droplets [Figure 3-4(A-2) and 4(B-2)], filling the gaps between the WPM 

particles. These aggregate fragments were more obvious at the interface of the PE-PB droplets 

and showed as a thin black layer around the droplets on the TEM image. In addition, some non-

adsorbed WPM particles (indicated by the red ellipse) remained in the aqueous phase of PE-

PB, possibly as a consequence of competition for adsorption with the aggregate fragments.  

The interfacial properties of the PE droplets and the WPM particles were examined using 

the pendant drop method. The initial IFT value for the PE-NPB droplets was 18.9 ± 0.2 mN/m, 

which was lower than the oil‒water IFT of 23.1 ± 0.1 mN/m; for comparison, the initial IFT 

values were 16.7 ± 0.4 mN/m for the PE-PB droplets, and 13.5 ± 0.1 and 13.3 ± 0.1 mN/m for 
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the WPM-NPB and WPM-PB particles, respectively (Supplementary material, Figure S 

3-2A). The lower IFT of the PE-PB droplets than of the PE-NPB droplets was probably due to 

the excess WPM-PB particles in the aqueous phase. These results indicate the importance of 

the amount of WPM particles available for decreasing the interfacial tension.  

The decay rate, i.e., the IFT value relative to the IFT value at time zero (IFT/IFT0) as a 

function of time, showed that the oil‒water interfacial tension decreased at a similar rate for all 

samples in the first 250 s (Supplementary material, Figure S 3-2B). Between 250 and 7000 

s, the decay rates for the PE droplets were slower than those for the WPM particles, but there 

was no significant difference between the two PE droplets or between the two WPM particles. 

These results suggest that, during homogenization, both WPM particles and PE droplets 

effectively adsorbed onto the oil‒water interfaces, although they were different in size and 

composition. These particle-coated droplets can be considered to be effective colloidal 

emulsifiers. The colloidal properties of the PE droplets may contribute to forming an interfacial 

structure that is different from that formed by the WPM particles.  

3.3.3 Characteristics of oil-in-water emulsions stabilized by PE droplets (DSEs) 

The droplet size distributions for both DSE-NPB and DSE-PB were bimodal (Figure 3-5). 

The droplet size distribution for DSE-NPB 10 with a D32 of 22.7 μm (Figure 3-5A) showed a 

prominent droplet population in the size range 7‒100 μm and a minor droplet population in the 

size range 2‒7 μm. Increasing the concentration of the DSE-NPB to 60 wt% resulted in the 

prominent droplet peak shifting towards the small size range and the minor droplet peak 

increasing. The minor droplet peak probably corresponded to a mixture of small DSE-NPB 

droplets and excess PE-NPB droplets in aqueous solution. This was supported by the 

observation that the droplet size of this peak was similar to the apparent size of the small DSE-

NPB droplets and PE-NPB droplets observed in the CLSM and TEM images (Figure 3-6 and 
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Figure 3-7). The CLSM images (Figure 3-6) showed that the proportion of small DSE droplets 

increased with increasing PE concentration. As the concentration of PE droplets in the systems 

was increased, smaller droplets were produced in the DSE, probably because of the greater 

surface coverage (Supplementary material, Figure S 3-3). 

The droplet size distribution for DSE-PB (Figure 3-5B) was similar to that for DSE-NPB, 

i.e., the population of larger particles was reduced with an increase in the PE concentration. 

Additionally, the relative proportion of small droplets (size 2‒7 μm) in all DSE-PB samples 

was greater than that in the DSE-NPB samples, indicating that a larger amount of small DSE-

PB droplets formed with the stabilization of the PE-PB dispersion. This result indicates that 

the excess WPM particles had also participated in emulsifying a newly formed oil‒water 

interface, which is supported by the results of the lower IFT of PE-PB (Supplementary 

material, Figure S 3-2A).  
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Figure 3-5: Droplet size distributions of two series of DSEs coated with (A) PE-NPB and (B) 

PE-PB in a concentration range from 10 to 60 wt%. 
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The interfaces of the DSEs were examined using CLSM and TEM. The interfacial layers of 

the DSE-NPB droplets were almost fully covered with small droplets at 10 wt% PE-NPB 

concentration, as shown in Figure 3-6. The thickness of the interfacial layer appeared to 

increase with increasing PE-NPB concentration. The TEM images show that the PE-NPB 

droplets (Figure 3-7) formed a cluster-like network at the DSE interfaces, contributing to a 

thick multilayer, rather than monolayer coverage, and that the interfaces of the DSE-PB 60 

droplets (Figure 3-7B) consisted of PE-PB droplets and WPM-PB particles. A higher amount 

of the PE-PB droplets, than of the PE-NPB droplets, remained in the aqueous phase of the DSE. 

These results suggest that the coexisting WPM-PB particles in the PE-PB dispersion had 

competed with the PE-PB droplets for adsorption and may have further interfered with the PE-

PB droplet network at the interface. An interfacial layer network, instead of a homogeneous 

layer, is commonly encountered on the surface of droplets stabilized by aggregated colloidal 

particles (Arditty et al., 2005; Gautier et al., 2007). It has been suggested that an interfacial 

layer formed by this particle network might confer additional stabilization to the emulsion 

(Binks, 2002; Ye et al., 2013b). It should be noted that the PE droplets and the WPM particles 

retained their spherical morphologies at the interfaces, whereas casein-micelle-coated PE 

droplets deformed at the interface, as reported by Ye et al. (2013).   
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Figure 3-6: (A and B) Confocal images, and (C and D) associated high magnification confocal 

images, of DSEs and individual DSE droplets, stabilized with (A and C) PE-NPB and (B and 

D) PE-PB  at concentrations of 10, 30, and 60 wt%. Red colour represents the oil and green 

colour represents the protein. Scale bar is 20 µm. 
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Figure 3-7: TEM images of DSEs stabilized with PE droplets: (A-1), DSE droplets stabilized 

by 60 wt% PE-NPB droplets (DSE-NPB 60); (B-1), DSE droplets stabilized by 60 wt% PE-

PB droplets (DSE-PB 60). The curve between the interfacial layer and the aqueous phase is 

drawn as a guide for the eye. (A-2) and (B-2) are TEM images for the interfaces of DSE-NPB 

60 and DSE-PB 60, respectively. 
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The multilayer interfacial structures of the DSEs were further characterized using 

SANS/USANS. One concern with using SANS/USANS to analyse the interfacial structure of 

DSE-NPB is the contribution from the presence of the PE-NPB flocs in the aqueous phase. As 

the size distribution of DSE-NPB overlaps with that of the PE-NPB flocs within the range 7‒

100 μm, as shown by light scattering (Figure 3-1B and Figure 3-5), the aqueous PE-NPB flocs 

may also scatter within the same low q range as DSE-NPB. As SDS is able to dissociate the 

flocs into individual droplets, the scattering curves in the low q range of PE-NPB and DSE-

NPB with and without SDS treatment were compared. 

Figure 3-8(A) and (B) show the scattering curves for PE-NPB and DSE-NPB containing 

10, 30, and 60 wt% PE-NPB. There was a steep increase in intensity with decreasing low q, 

indicating that the droplet size was much greater than was accessible with USANS. Upon the 

addition of SDS, the scattering intensity at low q (4.0 × 10‒5, 3.4 × 10‒4 Å‒1) was reduced for 

PE-NPB (Figure 3-8A). This indicates that the PE-NPB flocs were dissociated by SDS to yield 

smaller sized droplets. The mid-q (0.00024 < q/Å‒1 < 0.006) of the USANS scattering pattern 

of PE-NPB treated with SDS, when fitted with a Guinier‒Porod model, yielded an Rg of 0.40 

± 0.08 µm, which was comparable with the size observed with the TEM images (Figure 3-4 

and Figure 3-7). At low q, the Guinier region did not fully flatten, as would be expected for 

monodisperse spherical PE particles; instead, two more weak shoulders appeared at low q = 

0.00028 and 0.00008 Å‒1. The Rg values from these low q shoulders were estimated to be 0.82 

± 0.16 and 2.22 ± 0.44 µm. This suggests that there were some large droplets in the PE-NPB 

samples. In the absence of SDS, fitting with a simple power law model 𝐼(𝑞)~𝑞𝛼 in the q range 

0.00004 < q/Å‒1 < 0.002 yielded a slope of 2.76 ± 0.05, which could be associated with a fractal 

structure of the flocs of the PE-NPB droplets. A slope of 2.75 ± 0.05 was obtained for the PE-

PB flocs (data not shown), which indicated a similar network density to that of the PE-NPB 
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flocs. This similarity in network density for the PE-PB and PE-NPB flocs may have been due 

to the similar sizes of the WPM-PB and WPM-NPB particles used to stabilize them. 

Furthermore, within the flocs, the distance between neighbouring interfaces was probably 

comparable with the size of the WPM particles.  

At the same low q (4.0 × 10‒5, 3.4 × 10‒4 Å‒1), the scattering curve showed only a slight 

reduction of the slope for DSE-NPB 60 with the addition of SDS (Figure 3-8B). In comparison 

with the SDS PE-NPB curve (Figure 3-8A), this result indicates that the fractal structure of 

DSE-NPB 60 was not markedly affected by the PE flocs present in the DSE-NPB aqueous 

phase. The steep slope at low q (USANS) of large droplet water-in-oil emulsions has been 

discussed by Zank et al. (2006) who suggested that it arises from droplet interface scattering 

from a complex multilayer decorated by aggregated surfactant. This slope in the DSE-NPB 

samples can probably provide information on the fractal dimension and the roughness of its 

interfaces, which are stabilized by the PE droplets. Within a q range of 3.9 × 10‒5 < q/ Å‒1 < 

3.4 × 10‒4, a simple power-law fit, 𝐼(𝑞)~𝑞𝛼, yielded an exponent of 3 for DSE-NPB 10, 30, 

and 60. This results was consistent with the fractal structure of natural aquatic colloids analysed 

by SANS, where the power law exponent was 3 within a q range of ~23 < q/ Å‒1 <14 (Jarvie 

& King, 2007). This exponent represents the extreme value for a very rough interface. We 

could not draw further conclusions because of the limited q range over of USANS which the 

assessment could be made; however, the value agreed with the TEM observations [Figure 3-7 

(A-2)], which show that the interface of DSE-NPB 60 was decorated by a network of PE 

droplets. 

In addition, the USANS curves of all DSE-NPB samples featured a small shoulder at q  

0.001 Å‒1. The scattering intensity of these shoulders decreased with a decreasing amount of 

PE-NPB. The scattering intensity at selected q values of 2.4 × 10‒4 and 5.5 × 10‒5 Å‒1 was 
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plotted as a function of the concentration of PE to examine their relationships (Supplementary 

material, Figure S 3-4). At q = 2.4 × 10‒4 Å‒1, equivalent to a periodic length scale of  2.6 

µm, the intensity was linearly proportional (R2 = 0.9885) to the PE concentration in the aqueous 

phase. This result confirms that the increase in the USANS scattering intensity was affected by 

the excess amount of PE flocs present in the aqueous phase. At the lower q of 5.5 × 10‒5 Å‒1, 

probing a periodic length scale of  11.5 µm, the scattering intensity was no longer linearly 

proportional to the PE concentration in the aqueous phase (R2 = 0.7689). The deviation from a 

linear relationship is in agreement with a strong scattering contribution from the DSE-NPB 

droplet interface. In fact, the CLSM results showed that the interfacial structure of DSE-NPB 

depended on the PE-NPB content (Figure 3-6, high magnification).   
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Figure 3-8: Combined USANS (open symbols) and SANS (solid symbols) profiles for 0.2 wt% 

emulsion dispersions of: (A), PE-NPB (blue) and PE-NPB following SDS treatment (black); 

(B), DSE-NPB 10 (orange), DSE-NPB 30 (green), and DSE-NPB 60 (purple) without SDS 

treatment, and with SDS treatment (black); the power law fitting for the DSE samples listed is 

shown in the inset to (B). 
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3.4 Conclusions 

This work demonstrated the formation of an oil-in-water emulsion in which the emulsifying 

agent comprises small PE droplets coated by WPM particles. The fractal network at the oil‒

water interface, formed by the PE droplets, was directly observed using TEM, and was probed 

by SANS and USANS measurements; the fractal networking interface depended on the 

structure and the concentration of the WPM particles. The optimal conditions for the formation 

of WPM particles, to be used for the production of these emulsion systems, is heat treatment at 

pH 5.9 in the absence of buffer. At neutral pH and low ionic strength (no buffer), SANS and 

USANS indicated that a PE with a fractal dimension of 2.75 was obtained. The DSE (no buffer) 

with a fractal dimension of 3 was probably due to the formation of a multilayer structure by 

the adsorbed PE droplets at the interface. The surface structure was consistent with an 

extremely rough interface. This study provides important knowledge on the structure of DSEs 

and will assist in the development of novel emulsion-based formulations for various food 

applications.  
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3.6 Supplementary material 

SDS polyacrylamide gel electrophoresis patterns of nonaggregated whey proteins in the 

supernatant, dynamic interfacial tension patterns of whey protein microgel particles and 

primary emulsions, average size D32 and D43 of droplet-stabilized emulsions, neutron scattering 

intensity of droplet-stabilized emulsions at fixed q value plotted as a function of the 

concentration of primary in the aqueous phase.  

 

Figure S 3-1: Sodium dodecyl sulfate polyacrylamide gel electrophoresis patterns of 

nonaggregated whey proteins in the supernatant after the centrifugation of WPM-NPB particles. 

Heated whey protein aggregate dispersions were washed with Milli-Q water five times (from 

left to right). β-Lactoglobulin (BLG) and α-lactalbumin (ALA) bands are indicated.  
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Figure S 3-2: (A) Dynamic interfacial tension (IFT) and (B) interfacial tension decay rate 

(IFT/IFT0 = interfacial tension/interfacial tension at time zero) as a function of time. ( ), 

soya oil and Milli-Q water; ( ), 10 wt% WPM-NPB particle dispersion; ( ), 10 wt% 

WPM-PB particle dispersion; ( ), PE-NPB; ( ), PE-PB. The first 250 s decay of 

interfacial tension is indicated by the vertical dotted line.  
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Figure S 3-3: Average size D32 (solid symbols) and D43 (open symbols) of DSEs stabilized 

with PE-NPB (black) and PE-PB (red) as a function of the concentration of the PE at 10, 30, 

and 60 wt%. 

  

10 20 30 40 50 60
0

5

10

15

20

25

30

35

A
v

er
ag

e 
p

ar
ti

cl
e 

si
ze

 (
u

m
)

Concentration of PE (wt %)



Chapter 3  

108 

nan  

Figure S 3-4: Intensity at fixed q value plotted as a function of the concentration of PE in the 

aqueous phase. The blue, red, and black symbols represent the intensities at q values of 2.4 × 

10‒4, 1.0 × 10‒4, and 5.5 × 10‒5 Å‒1, respectively. The linear regression fits are represented as 

dotted lines in corresponding color.  
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Chapter 4 Small-angle X-ray scattering (SAXS) and small-angle 

neutron scattering (SANS) study on the structure of sodium 

caseinate in dispersions and at the oil-water interface: effect of 

calcium ions 

Graphic abstract 

 

Abstract 

The structure of sodium caseinate particles, as affected by the presence of calcium ions 

(Ca2+), in aqueous solution and in oil (toluene)-in-water emulsions, was investigated by small-

angle X-ray and neutron scattering (SAXS and SANS). SAXS analyses indicated that the 

sodium caseinate dispersed in water as small particles with electrostatic interactions, which has 

a radius of gyration (Rg) of ~5 nm and an effective radius (Reff) of ~ 10 nm with an assuming 

spherical shape. In the presence of Ca2+, the caseinate particles aggregated as large particles 

with a hydrodynamic diameter > 100 nm as determined by dynamic light scattering. The 

networks within the large particles were self-assembled from the small Ca2+-cross-linked 
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particles (Rg ~ 6.5‒8.0 nm), as probed by SAXS. The fractal-like dimension increased from 2.5 

to 3.4 with increasing protein and CaCl2 concentrations, suggesting a denser structure. The 

integrity of the caseinate particles at the oil-water interface was enhanced by Ca2+ cross-linking, 

as observed by transmission electron microscopy. The oil‒water interface stabilised by Ca2+-

cross-linked caseinate particles was ~ 30 nm thick, six times thicker than that stabilised by 

sodium caseinate (~ 5 nm) as analysed by SANS with contrast variation technique. Quantifying 

the structure of sodium caseinate in an aqueous solution and at the oil-water interface provides 

valuable insights for designing new casein-based functional materials. 

4.1 Introduction 

Sodium caseinate (CAS) is widely used in food emulsions because of its excellent surface 

activity; it can impart low interfacial tension during emulsification. CAS consists of a mixture 

of caseins (αS1-, αS2-, β- and κ-caseins, with a weight ratio of approximately of 4:1:4:1) and is 

prepared by precipitating the caseins from milk at the isoelectric point. In an aqueous solution 

at neutral pH, CAS molecules tend to associate to form small submicelles through hydrophobic 

interaction or electrostatic attraction (Leonard & Harold M, 1982). Previous studies by several 

research groups (Chu et al., 1995; HadjSadok et al., 2008; Hemar et al., 2021; Kumosinski et 

al., 1988; Lucey et al., 2000; Nash et al., 2002; Smialowska et al., 2017; Sosa-Herrera et al., 

2012) showed that the CAS size [hydrodynamic radius or radius of gyration (Rg)] varied from 

3 to 100 nm with mono-, bi- and tri-modal distributions that were measured using static and 

dynamic light scattering (SLS and DLS) or small-angle X-ray scattering (SAXS). The 

discrepancies in the results can be attributed mainly to differences in the production methods 

(e.g., commercial ingredients and laboratory-freeze-dried and pilot-plant-spray-dried samples), 

protein concentration, ionic strength and purification steps (filtration and ultracentrifugation) 

used for preparing the CAS dispersions. However, the method used to present the data obtained 
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by DLS could also have affected the size of CAS, as reported in the literature. Hemar et al. 

(2021) and Smialowska et al. (2017) pointed out that the particle size distribution of CAS 

dispersion by intensity from DLS was trimodal, with peaks at 5‒10, 10‒60 and 60‒700 nm. In 

contrast, the particle size distribution of CAS showed only monomodal distribution between 4 

– 6 nm by volume distribution (Smialowska et al., 2017) or between 5 – 20 nm by number 

distribution (Hemar et al., 2021) from DLS. These results suggest that small-sized particles 

predominate in CAS, and that large-sized particles represent only a small fraction of the total 

material. Represented by their scattered intensity in DLS measurements, these large particles 

could give a misleading view of the size distribution of CAS because, based on Rayleigh 

scattering theory, the scattered intensity is proportional to the dimension to the power of 6 or, 

equivalently, to the square of the particle volume (Barnett, 1942; Stetefeld et al., 2016). 

However, the sizes of CAS, as determined by SAXS and reported by the two research groups, 

were similar (about 6 nm). 

The thickness of the adsorbed protein layer of CAS at solid surfaces or oil‒water droplet 

interfaces has previously been determined using DLS (Dalgleish, 1993; Fang & Dalgleish, 

1993; Hemar et al., 2021; Wooster & Augustin, 2006). The thickness of the adsorbed CAS 

layer at the interface of latex particles, determined as the increase in the diameter of latex 

particles after adding CAS, was measured as 11 nm and was independent of the casein 

concentration (0.01–0.1 wt%) (Hemar et al., 2021). In the quantification of the adsorbed protein 

layer at an oil‒water interface, the DLS measurements need to be combined with enzymatic 

hydrolysis. The thickness of the adsorbed layer is then measured as the decrease in the diameter 

of the emulsion droplets after proteolysis (Dalgleish et al., 1995; Fang & Dalgleish, 1993; 

Wooster & Augustin, 2006). For emulsions stabilised by laboratory-prepared CAS, the change 

in droplet diameter varied between 10 and 20 nm depending on the casein concentration (0.2–



Chapter 4  

112 

2.0% w/v); this difference corresponded to twice the thickness of the adsorbed layer of protein 

(5–10 nm) (Fang & Dalgleish, 1993). For emulsion droplets stabilised by commercial CAS, 

the adsorbed layer was about 11 nm thick and was independent of the casein concentration 

(0.5‒2.0 wt%) (Dalgleish et al., 1995). However, researchers noted that with the proteolysis 

method, there are some residual peptides on the interface after proteolysis and have not been 

included in the reported thickness of the adsorbed layer, which could lead to some 

underestimation (Dalgleish, 1993; Wooster & Augustin, 2006).  

In terms of improving the stability and functionality of emulsions, a thick interfacial layer 

is desirable. A thick layer can act as a mechanical barrier to protect the droplets from 

coalescence during long-term storage and to prevent lipid oxidation and delay lipid digestion 

(Berton-Carabin et al., 2013; Corstens et al., 2017b; Gudipati et al., 2010; Xu et al., 2014). In 

addition, for the use of nano-sized emulsion droplets as an emulsion stabiliser, a thick 

interfacial layer is essential to enable the nano-sized droplets to adsorb onto the surface of a 

second oil droplet, where the nano-sized droplets coated by protein particles (Cheng et al., 2019, 

2022a; Ye et al., 2013b). When CAS is used as an emulsifier, it has been suggested that the 

amount of the casein adsorbed at the oil‒water interface is affected by the state of casein 

aggregation before emulsification (Mulvihill & Murphy, 1991; Srinivasan et al., 1996; Ye & 

Singh, 2001). To meet the requirement of a high surface protein loading of the emulsion 

droplets, one approach is to include calcium ions (Ca2+) in the CAS dispersion before 

emulsification. It is well recognised that αS1- and αS2-caseins are rich in phosphoserine and are 

sensitive to Ca2+. The addition of Ca2+ to CAS could lead to the formation of caseinate 

aggregates, because the binding of Ca2+ to the phosphoserines of the caseins can reduce the 

electrostatic repulsions between the protein molecules (Dalgleish & Parker, 1980; Parker & 

Dalgleish, 1981; Smialowska et al., 2017; Swaisgood, 2003). Ye and Singh (2001) reported 



Chapter 4  

113 

that the surface protein concentration of an emulsion stabilised by 3.0% commercial CAS 

increased from 1.6 to 6.3 mg/m2 by increasing the calcium chloride (CaCl2) concentration in 

the protein solution from 0 to 20 mM before emulsification. However, there is a lack of 

information on the structures of the Ca2+-cross-linked sodium caseinate (Ca-CAS) particles and 

the interfacial layers that are stabilised by the Ca-CAS particles. In particular, quantification of 

the thickness of the Ca-CAS layer at the oil-water interfaces is important for studies focusing 

on the droplet-droplet interactions (Mougel et al., 2006).  

In the present study, the adsorption of CAS and Ca-CAS at the oil-water interface was 

studied using small-angle neutron scattering (SANS) combined with contrast variation. SANS 

is a non-invasive method for probing the interfacial structure of emulsions because of the high-

penetrating and non-destructive nature of neutrons and the absence of special sample 

preparation (Jestin et al., 2007; Reynolds et al., 2000; Verruto & Kilpatrick, 2008; Yesiltas et 

al., 2019). The use of solvent contrast variation exploits the neutron scattering length density 

(SLD) differences between different phases, providing the ability to selectively highlight the 

scattering from the emulsion, the oil droplets or the interfacial protein layer. In the present 

study, the SLD difference between the oil phase and interfacial protein layer was enhanced by 

using deuterated toluene as the oil phase of the model emulsion. It benefits the quantification 

of the details of the interfacial protein layer on the nanometre scale. In addition to SANS, SAXS 

was employed to probe the structure of CAS with and without Ca2+. By combining these 

methods with transmission electron microscopy (TEM), DLS and interfacial tension (γ) 

measurements, this study allowed us to understand better the interfacial structure of emulsions 

stabilised by CAS and Ca-CAS particles.  
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4.2 Materials and methods 

4.2.1 Materials 

CAS (Alanate 180: 92.7 wt% protein, 4.3 wt% moisture, 0.7 wt% fat and 0.2 wt% 

carbohydrates) was purchased from Fonterra Co-operative Group Ltd (Auckland, New 

Zealand). As reported by the manufacturer, 100 g of CAS powder contains 1300 mg of sodium, 

30 mg of calcium and 22 mg of chloride. Deuterated toluene (d-toluene) was purchased from 

Sigma Aldrich (St. Louis, MO, USA). Milli-Q water (Millipore Corp., Bedford, MA, USA) 

and deuterium oxide (D2O) (Sigma Aldrich) were used to prepare emulsion samples for the 

SANS studies. All chemicals used were of analytical grade and were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA) or BDH Chemicals (BDH Ltd, Poole, England) unless 

otherwise specified.  

4.2.2 Preparation of CAS and Ca-CAS particle dispersions 

A stock CAS dispersion of 3.1% w/v protein concentration was prepared by dissolving CAS 

powder in ultrapure Milli-Q water (resistivity = 18.2 MΩ.cm) at 50 °C and stirring for 2 h, 

followed by overnight storage at room temperature to ensure complete hydration. The pH of 

this CAS dispersion was 6.90 ± 0.2. The Ca-CAS dispersion was prepared by adding an 

appropriate amount of stock CaCl2 solution (1 M filtered through a 0.22 µm filter) dropwise 

into the stock CAS dispersion under gentle stirring for 30 min, followed by adjusting the pH 

to 6.90 ± 0.2 using 2 M NaOH or 2 M HCl and equilibrating at room temperature overnight, as 

the aggregation of casein requires at least 5 h to reach equilibrium (Pitkowski et al., 2009). The 

Ca-CAS dispersion contained 3.0% w/v protein and 20 mM CaCl2, which were close to the 

concentrations of protein and colloidal calcium found in milk (Cheng et al., 2022a; Smialowska 

et al., 2017; Ye & Singh, 2001). The CAS and Ca-CAS dispersions were then diluted with 
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Milli-Q water to different protein concentrations (0.5, 1.5 and 3.0% w/v). Sodium azide was 

added at a final concentration of 0.04% w/v as a preservative. 

4.2.3 Emulsion preparation 

CAS- and Ca-CAS-stabilised emulsions were prepared by firstly mixing d-toluene (10% v/v) 

with the protein dispersions with 3.0% protein concentration at pH 6.90 ± 0.2. A total volume 

of 5 mL of the mixture was then homogenised with an Ultra-Turrax T10 (IKA®-Werke GmbH 

& Co. KG, Staufen, Germany) at 24,000 rev/min for 1 min.  

4.2.4 Particle size distribution  

The z-average hydrodynamic diameters of CAS and Ca-CAS were measured by DLS at 

20 °C using a ZetaSizer Ultra (Malvern Instruments Ltd, Malvern, UK). The instrument used 

a backscattering configuration with detection at a scattering angle of 173° using an avalanche 

photodiode and a helium‒neon laser at λ = 633 nm; refractive indices of 1.50 and 1.33 were 

used for protein and water, respectively.  

The droplet sizes of the CAS- and Ca-CAS-stabilised emulsions were determined by SLS 

using a Malvern MasterSizer 2000 (Malvern Instruments Ltd, Malvern, UK). The refractive 

index of toluene was 1.49 and that of water (the dispersing medium) was 1.33. The absorbance 

value of the emulsion droplets was 0.001. Droplet size measurements are reported as the De 

Broukere mean (d4,3). Mean particle diameters were calculated as the average of duplicate 

measurements.  

4.2.5 Zeta potential measurements  

The zeta potentials of CAS and Ca-CAS particles, and their associated emulsions, were 

determined by DLS at 20 °C using a ZetaSizer Ultra (Malvern Instruments Ltd, Malvern, UK). 

The dispersions of CAS and Ca-CAS were measured without dilution, whereas the emulsions 
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stabilised by CAS and Ca-CAS were diluted 100 times with Milli-Q water before measurement 

to avoid multiple scattering effects. The pH of the diluted emulsions was adjusted to 6.9 using 

0.1 M NaOH or 0.1 M HCl.   

4.2.6 Interfacial tension measurements 

The interfacial tension (γ) of the protein dispersions and emulsions was measured by the 

pendant drop method at room temperature using a surface tensiometer (Biolin 239 Scientific 

Instruments, Sweden). The tensiometer was operated in a volume-controlled regime, via 

continuous measurement of the drop area and volume, approximated by a Laplacian profile. 

During measurement, the drop phase (5 μL) was composed of protein dispersions or emulsions 

hanging from the syringe tip inside d-toluene. The shape of the drop was determined from the 

balance of forces, which include γ. The γ at the drop‒toluene interface can be related to the 

drop shape through: 

 
𝛾 =

∆𝜌 × 𝑔 × 𝑅0
2

𝛽
 (4-1) 

where Δρ is the difference in the density between the fluids, g is the gravitational constant, 

R0 is the radius of the drop curvature at the apex and β is the shape factor. The shape factor is 

determined by the Young‒Laplace equation (Neeson et al., 2014). 

4.2.7 Negative staining TEM  

The morphology and the microstructure of the protein dispersions and emulsions were 

observed using TEM with the negative staining method. The protein dispersions containing 3% 

w/v protein and their associated emulsions were both diluted 100-fold using Milli-Q water. A 

copper TEM grid coated with Formvar was placed on a drop of diluted sample solution for 5 

min and then transferred on to a drop of 2% uranyl acetate for 5 min. The grid was washed on 

a drop of Milli-Q water for 5 min. The excess liquid was then drained off from the copper grid 
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using filter paper. The negatively stained grid was examined with a Philips electron microscope 

(NL-5600 MD, Philips, Eindhoven, The Netherlands) at an acceleration voltage of 60 kV.   

4.2.8 Small-angle X-ray scattering 

Protein dispersions of CAS and Ca-CAS with different protein concentrations (0.5, 1.5 and 

3.0% w/v) were studied using SAXS. They were transferred into 2 mm ID quartz capillary 

tubes that were subsequently sealed with wax to prevent evaporation during measurement. 

SAXS measurements were performed on a Bruker NanoSTAR SAXS instrument (Bruker, 

Germany) in a Q-range from 0.01 to 0.35 Å−1. All measurements were performed at room 

temperature (~ 20 °C) and the data were reduced and subtracted using water as a background. 

The scattering intensity from a colloidal system, 𝐼(𝑄), can be expressed as a function of the 

wave vector, Q, using: 

 𝐼(𝑄) =  ∆𝜌2𝑉𝑃∅𝑃𝐹(𝑄)𝑆(𝑄) 
(4-2) 

where ∆𝜌 is the contrast between the scattering particle and the surrounding solvent, 𝑉𝑃 is 

the volume of scatterering particle, ∅𝑃 is the dimensionless particle volume fraction, 𝐹(𝑄) is 

the form factor, and 𝑆(𝑄) is the structure factor that accounts for the correlation between the 

colloidal particles.  

Modelling of SAXS data of CAS dispersions was performed using Modelling II tool of Irena 

SAS macros (Ilavsky & Jemian, 2009) embedded in Igor Pro software (v8.04, Wavemetrics, 

USA). A two-level structural model was used.  In the first level for the low-Q region [0.01 < 

Q (Å‒1) < 0.08], the CAS particle was modelled with a form factor 𝐹(𝑄) of spheres (aspect 

ratio = 1) (Pedersen, 1997) and was assumed to follow a log-normal distribution, given by: 
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𝑁(𝑟) =
1

√2𝜋𝜎𝑟
𝑒𝑥𝑝 {− 

1

2
[
ln (

𝑟
𝑟𝑚𝑒𝑑𝑖𝑎𝑛

)

𝜎
]

2

} (4-3) 

where r is the radius, rmedian is the median radius and σ is the standard deviation of the size 

distribution. σ was fixed to 0.3 throughout the fitting (Smialowska et al., 2017). The X-ray 

contrast value was fixed at 0.74 x 1020 cm-4 (Smialowska et al., 2017) which was calculated as 

the square of the difference between casein micelle of 10.26 x 1010 cm-2 (Bouchoux et al., 2010) 

and H2O of 9.4 x 1010 cm-2 (Ingham et al., 2016). 

As SAXS profiles of CAS dispersions showed a correlation peak around ~Q = 0.25 Å‒1 for 

all three concentrations, a structure factor 𝑆(𝑄)  of Hayter-Penfold Mean Spherical 

Approximation (MSA) was also applied (Hansen & Hayter, 1982; Hayter & Penfold, 1981). 

When conducting the fitting of the structure factor, the input parameters (Table 4-1) were fixed 

throughout the fitting to obtain the effective radius (Reff) and electric surface charge on the 

macroion (Z).  
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Table 4-1: Input physical parameters used to constrain Hayter-Penfold fit on SAXS scattering 

of CAS. 

CAS (% w/v) 0.5 1.5 3 

Molarity (M)a 
0.002 

(0.001) 

0.005 

(0.001) 

0.010 

(0.003) 

Particle volume fraction b 
0.020 

(0.002) 

0.060 

(0.001) 

0.120 

(0.001) 

Dielectric constant of the solvent c 71.08 71.08 71.08 

Temperatrue (K)d 293.15 293.15 293.15 
aThe molarity of monovalent salt in CAS dispersions was estimated based on the NaCl 

content in the CAS powder (2.1 Materials).  

bThe volume fraction of CAS was calculated from their mass fraction (w/v) by an 

approximated voluminosity (v/w) of 4 (Doudiès et al., 2019; Nöbel et al., 2012; Stothart & 

Cebula, 1982). 

cThe dielectric constant of the solvent was set as the default value of 71.08 for H2O. 

dThe measurement temperature was 20 °C or 293.15 K.  

Numbers in parentheses represent the uncertainty from model fitting. 
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In the second structural level (high-Q region [0.08 < Q (Å‒1) < 0.21], the unified fit function 

of Irena SAXS macro (Ilavsky & Jemian, 2009) was used to fit the structures of small protein 

inhomogeneities within the CAS (Smialowska et al., 2017). The unified fit equation is 

expressed as (Beaucage, 1995, 1996): 

 
𝐼(𝑄) =  ∑ [𝐺𝑖𝑒𝑥𝑝 (

−𝑄2𝑅𝑔𝑖
2

3
) + 𝐵𝑖𝑒𝑥𝑝 (

−𝑄2𝑅𝑔(𝑖+1)
2

3
)]

𝑛

𝑖=1

 (4-4) 

where n is the number of structural levels, G is the Guinier scale factor, Q is the scattering 

wave vector, Rg is the radius of gyration and B represents the scale factor for power-law 

scattering.  

The best fits in the entire Q range [0.01 < Q (Å‒1) < 0.21] were achieved by allowing the 

scalar, mean size, Reff, and charge in the Hayter-Penfold fit level, as well as the Genuier and 

power-law exponent scalar (G, B), Rg and power-law exponet in unified fit level to flow. 

As SAXS data of Ca-CAS showed an aggregation scattering feature in low-Q [0.01 < Q (Å‒

1) < 0.02], the scattering data in the entire Q range [0.01 < Q (Å‒1) < 0.21] were analysed using 

a unified fit function (equation 4) of Irena SAS macro (Ilavsky & Jemian, 2009) embedded in 

Igor Pro (v8.04, Wavemetrics, USA). Using this approach, the particle size (Rg) and the power-

law exponent (P) of each structural level can be obtained.  

4.2.9 Small-angle neutron scattering  

SANS measurements on the emulsions stabilised by CAS and Ca-CAS were conducted on 

the QUOKKA instrument at the Australian Nuclear Science and Technology Organization, 

Sydney, Australia, at a Q range from 0.003 to 0.4 Å‒1 (Gilbert et al., 2006; Wood et al., 2018). 

A set of solvent contrast variation measurements were conducted to characterise the interfacial 

structure of the emulsions using d-toluene (toluene-d8: C6D5CD3) as the oil phase; it has a 
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neutron SLD corresponding to ~ 89% D2O/11% H2O. Emulsions prepared using three different 

solvents, namely, water containing 0% D2O (matching none), 40% D2O (contrast matching the 

proteins – CAS and Ca-CAS) and 89% D2O (contrast matching the deuterated oil), were studied. 

To prevent emulsion creaming, a multi-position tumbler was used during the collection of 

the SANS data. The scattering backgrounds for each contrast were prepared by 

ultracentrifugation of the corresponding emulsions at 63,000 g at 4 °C for 60 min followed by 

0.1 µm syringe filtration. All the SANS data were collected at room temperature (~ 20 °C). 

They were reduced according to standard procedures (Kline, 2006) using the Igor Pro software 

(Wavemetrics, USA) with respective solvent background subtraction. 
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4.3 Results and discussion 

4.3.1 Surface charges of CAS and Ca-CAS 

At 20 °C and pH 6.9, the zeta potential values of CAS and Ca-CAS at all protein 

concentrations were negative in a range between ‒11.01 and ‒37.47 mV (Figure 4-1). For a 

given protein concentration, the absolute zeta potential value was greater for the CAS particles 

than for the Ca-CAS particles. For example, at a protein concentration of 3.0% w/v, the 

absolute zeta potential values for CAS and Ca-CAS were 25.1 and 11.0 mV, respectively. This 

can be attributed to the presence of Ca2+ in Ca-CAS which shields the surface negative charge 

of the protein (Sosa-Herrera et al., 2012). The absolute zeta potential values for the CAS and 

Ca-CAS dispersions were found to decrease linearly with increasing protein concentration, 

with slopes of 5.7 and 3.9 for CAS and Ca-CAS, respectively. The assumed linear relationship 

between the absolute zeta potential value and the protein concentration was a consequence of 

the increase in ionic strength from the minerals with an increase in the protein concentration.  
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Figure 4-1: Zeta potentials of sodium caseinate (CAS, black squares) and Ca2+-cross-linked 

sodium caseinate particle (Ca-CAS, red circles) dispersions at protein concentrations of 0.5, 

1.5 and 3.0% w/v and neutral pH (6.9 ± 0.1) and 20 °C. Error bars represent the standard 

deviation from triplicates.  
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4.3.2 Structure of CAS and Ca-CAS dispersions 

The CAS dispersions, as shown in the inset of Figure 4-2A, were transparent at low protein 

concentration and translucent at high protein concentration. In the presence of CaCl2, the 

protein dispersions became opaque, indicating that the CAS had formed aggregates by calcium 

cross-linking (Figure 4-2B, inset). The structures of CAS and Ca-CAS in water at protein 

concentrations between 0.5 and 3.0% w/v were probed by SAXS (Figure 4-2). The SAXS 

profiles were shifted vertically along the y-axis for clarity; it can be observed that CAS and Ca-

CAS showed different scattering patterns.  

For CAS, a scattering maximum peak (Qmax) was observed at around 0.025 Å‒1, and the 

peak became more prominent and shifted to a higher Q when the concentration of CAS 

increased from 0.5 to 3.0% w/v (Figure 2A). This is consistent with observations from previous 

SAXS studies on the influence of protein concentrations from 1 to 8% w/v for CAS (Yesiltas 

et al., 2019) and from 0.2 to 5% w/v for bovine serum albumin (BSA) (Zhang et al., 2007). The 

peak position shifts to higher Q suggesting a decrease in the correlation distance with 

increasing protein concentration (Pitkowski et al., 2008; Yesiltas et al., 2019; Zhang et al., 

2007). The average packing distance (D) between the CAS particles could be estimated using 

𝐷 = 2 𝜋 𝑄𝑚𝑎𝑥⁄  (Pitkowski et al., 2008), resulting in distances of ~ 33.0 ± 2.0, 26.0 ± 2.0, and 

25.0 ± 1.0 nm for CAS at 0.5, 1.5 and 3.0 % w/v, respectively. Pitkowski et al. (2008) reported 

that the distance between CAS particles is ~ 20 nm for 12% w/v CAS, consistent with closer 

packing between CAS particles at higher concentration. Yesiltas et al., (2019) proposed that 

the decrease in the packing distance is due to the loss of the water molecules between CAS 

particles at higher protein concentrations rather than a decrease in CAS size. They assumed 

that the CAS particles are uncharged and applied the core-shell fitting to obtain the hard sphere 

radius. The obtained hard sphere radius of CAS increased from 8.9 to 10.2 nm as the protein 
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concentration increased from 1 to 3 %, and then the radius was well maintained at 10.2 nm at 

protein concentrations above 3%.  

However, our zeta-potential results (Figure 4-1) suggested that there were electrostatic 

repulsions between CAS particles. It has been suggested that for charged particles, at low ionic 

strengths (I < 0.3 M), the repulsive interactions dominate in small interparticle separations and 

the S(Q) of Hayter-Penfold MSA should be considered for the fit (Hayter & Penfold, 1981; Qiu 

et al., 2006; Zhang et al., 2007).  

Using S(Q) of Hayter-Penfold MSA to fit the low-Q region [0.01 < Q (Å‒1) < 0.08], the 

radius of gyration (Rg) of CAS increased from 4.9 to 5.9 nm with protein concentration from 

0.5 to 3.0 % w/v, while the effective radius (Reff) of CAS was obtained to be ~ 9.1 nm, which 

was not significantly affected by protein concentration (Table 4-2). The Rg of CAS was in line 

with the results of previous studies on CAS in aqueous systems using SAXS and SANS 

methods (Hemar et al., 2021; Pitkowski et al., 2008; Yesiltas et al., 2019). Assuming that the 

CAS was made of spherical particles, the hydrodynamic diameter (Dh) could be calculated 

using 𝐷ℎ =  2 × (5 × 𝑅𝑔
2/3)0.5  (Witten et al., 2004), giving a Dh of ~ 13 -15 nm with 

increasing protein concentration, which is also consistent with the size in previous studies by 

DLS (HadjSadok et al., 2008; Panouillé et al., 2005). The larger value of Reff  than that of Rg is 

due to the existence of double electric layers (Hayter & Penfold, 1981). The difference between 

Reff and Rg can be regarded as the thickness of the diffuse double electric layer (h) (Qiu et al., 

2006; Zhang et al., 2007). It is known that the thickness of the diffuse double electrical layer 

and the absolute zeta potential are affected by the ionic strength, which decrease with 

increasing ionic strength due to shielding effects of counterions on the surface charge 

(Ramírez-García et al., 2018). As expected, the h values decreased from 4.1 nm to 3.3 nm at 

higher protein concentrations (Table 4-2), which was consistent with the trend of decreasing 
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absolute zeta potential with increasing protein concentrations (Figure 1). The decrease in h and 

absolute zeta-potential indicated a shrinkage of the electrical double layer and a decrease in 

repulsive interactions. Meanwhile, the surface charge (Z) of CAS obtained from Hayter-

Penfold fit increased from 21 to 36 e at higher protein concentrations. There results were similar 

to a previous SAXS study of BSA. Using the Hayter-Penfold model, Zhang et al., (2007) found 

that the peak of structure factor shifted to higher Q, the h decreased and absolute Z increased 

with increasing protein and NaCl concentrations. It could be due to that the repulsive 

interactions between protein particles decreased because counterions increased in the bulk 

solution and more ions bound to protein surface. In another study of BSA, Salis et al., (2011) 

found that the absolute Z increased and absolute zeta-potential decreased with increasing NaCl 

concentrations at fixed pH as revealed by potentiometric titrations and zeta potential 

measurements.  

At the high-Q region [0.08 < Q (Å‒1) < 0.21], the Rg value obtained from the unified fit was 

2.5 -2.8 nm for CAS of 0.5 – 3.0 % (w/v). In the previous studies, the structures with a Rg of ~ 

2-3 nm in the high-Q region are attributed to small protein inhomogeneities where caseins 

interact with each other through non-covalent forces (e.g., Van der Waals forces) (de Kruif et 

al., 2002; Smialowska et al., 2017).  

In the presence of Ca2+, the Guinier plateau at around ~ 0.03 Å‒1 of the CAS particles 

disappeared (Figure 4-2B). The scattering intensity increased significantly in the low-Q region 

(Q < 0.03 Å‒1) for the Ca-CAS particles at all protein concentrations (Figure 4-2B). This 

suggests that caseins aggregate through Ca2+ binding, forming particles of large size. Although 

the overall size of these large aggregates is not accessible due to the limit of the lowest Q 

achievable in the present SAXS measurement, it can be achieved by DLS measurements. The 

hydrodynamic diameters of the Ca-CAS particles were 103.7 ± 5.0, 108.7 ± 5.0 and 132.6 ± 
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5.0 nm for protein concentrations of 0.5, 1.5 and 3.0% w/v (Supplementary material, Figure 

S 4-1). The measured sizes in the present study were similar to those from previous DLS studies 

at similar concentration ratios between calcium and protein (Smialowska et al., 2017; Sosa-

Herrera et al., 2012). Smialowska et al. (2017) found that a 3.3% CAS dispersion with 22 mM 

CaCl2 resulted in Ca-CAS particle size of 130 nm and a monomodal distribution. Sosa-Herrera 

et al. (2012) reported a hydrodynamic diameter of Ca-CAS particles of ~ 150 nm for 1% CAS 

with 5 mM CaCl2. The internal structures of the large Ca-CAS particles were modelled using 

Unified fitting and the data are given in Table 4-2. For all the Ca-CAS samples, the scattering 

in the low-Q region [0.01 < Q (Å‒1) < 0.02] followed a power-law decay with an exponent in 

the range 2.5‒3.4 (Table 4-2), indicating that the large-sized Ca-CAS particles (104–133 nm) 

possessed either mass or surface fractal-like structures. The associated networks of these large-

sized aggregates comprised small-sized Ca-CAS particles (Rg ~ 6.5‒8.0 nm); this agrees with 

a previous SAXS study on a similar system (Smialowska et al., 2017). The larger value of the 

power-law exponent identified at the higher concentration suggested that the small Ca-CAS 

particles were more densely clustered (Martin & Schaefer, 1984). 

For both CAS and Ca-CAS, a power-law exponent of 2.2‒2.8 (Table 4-2) was identified in 

the high-Q region [0.08 < Q (Å‒1) < 0.21] (Figure 4-2). This may imply that the conformation 

of caseins varies from a randomly flexible chain to a weak network formed through diffusion-

limited aggregation with mass fractal-like structure  of < 3.0 (Martin & Schaefer, 1984). 

However, there are some uncertainties around the high-Q power-law exponent because of its 

sensitivity to the background subtraction and because it is obtained from only a limited Q range 

[0.08 < Q (Å‒1) < 0.21]. Therefore, this exponent should be interpreted with caution to avoid 

ambiguous conclusions.  



Chapter 4  

128 

Table 4-2: Structural parameters obtained from the fit to small-angle X-ray scattering profiles 

of sodium caseinate (CAS) and Ca2+-cross-linked caseinate particles (Ca-CAS) at various 

protein concentrations.  

Protein concentration (% w/v) 0.5 1.5 3.0 

CAS dispersions    

0.01 < Q (Å‒1) < 0.08 

Rg (nm) 4.9 (0.1) 5.4 (0.1) 5.9 (0.1) 

Reff (nm) 9.1 (0.2) 9.1 (0.1) 9.2 (0.1) 

h (nm) 4.1 3.7 3.3 

Z (e) 21 (3) 27 (1) 36 (1) 

    

0.08 < Q (Å‒1) < 0.21 

Rg (nm) 2.5 (0.1) 2.6 (0.1) 2.8 (0.1) 

Powe-law exponent 2.8 (0.1) 2.7 (0.1) 2.6 (0.1) 

    

Ca-CAS dispersions    

0.01 < Q (Å‒1) < 0.02 

Power-law exponent 2.5 (0.1) 3.1 (0.2) 3.4 (0.1) 

    

0.02 < Q (Å‒1) < 0.21 

Rg (nm) 6.5 (0.5) 7.6 (0.5) 8.0 (0.5) 

Power-law exponent 2.5 (0.1) 2.3 (0.1) 2.2 (0.1) 

Numbers in parentheses represent the uncertainty from model fitting.  
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Figure 4-2: Small-angle X-ray scattering profiles of (A) sodium caseinate and (B) Ca2+-cross-

linked sodium caseinate particles at protein concentrations of 0.5, 1.5 and 3.0% w/v. The solid 

black lines are the unified fits to the scattering data. The scattering curves were shifted 

vertically for clarity. The insets are visualisations of the associated protein dispersions.   
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4.3.3 Interfacial tension of CAS and Ca-CAS at the oil-water interface 

Figure 3 shows the interfacial tensions (γ) of CAS and Ca-CAS at the oil (toluene)‒water 

interface as measured using the pendant drop method for a protein concentration of 3% w/v. 

The decay curves show that the γ values for both CAS and Ca-CAS decreased rapidly at the 

oil-water interface and then reached equilibrium with time. When the γ values between 600 

and 1200 s were averaged, the equilibrated γ values were 9.54 ± 0.14 and 9.24 ± 0.03 mN/m 

for the CAS and Ca-CAS dispersions, respectively. The equilibrium γ values of CAS and Ca-

CAS at the toluene-water interface are similar to their equilibrium γ values at the sunflower 

oil-water interface (~ 9.69 – 11.62 mM/m) as reported in the literature (Sosa-Herrera et al., 

2008), suggesting that casein adsorption at the toluene-water and sunflower-water interfaces is 

comparable. Consequently, toluene is used here as a model dispersed phase to study the 

adsorption behaviour of casein at the oil-water interface while enabling contrast variation 

SANS measurements to be performed. The slightly lower γ value at the oil‒Ca-CAS interface 

may be related to structural changes in the caseins induced by Ca2+ binding that increase the 

protein load per unit of interfacial area for Ca-CAS (Ye & Singh, 2001).  

In addition, it was observed that the measured interfacial tension of Ca-CAS was more stable 

than that of CAS (Figure 4-3). The fluctuating γ value for CAS can be attributed to individual 

casein exchange between the interface and the water phase. Previous studies at oil‒water 

interfaces stabilised by caseins suggest that the adsorbed individual caseins at the interface 

have high mobility and flexibility under the conditions of low ionic strength and neutral pH, 

experiencing a rapid and reversible exchange between the interface and the aqueous phase 

(Dickinson, 1992a; Dickinson et al., 1988b). When caseins are cross-linked by Ca2+, 

intermolecular linkages between the caseins decrease their flexibility compared with individual 

caseins, resulting in slower and less extensive protein exchange between the interface and the 
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aqueous phase (Hunt & Dalgleish, 1994). This suggests that the more stable γ value at the 

interface between Ca-CAS and oil was due to the anchored Ca-CAS aggregates at the interface.  
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Figure 4-3: Interfacial tensions of toluene‒water (blue), toluene‒3% w/v sodium caseinate 

(CAS, black) and toluene‒3% w/v Ca2+-cross-linked caseinate particles (Ca-CAS, red) at 

neutral pH (6.9 ± 0.1) and 20 °C. Error bars represent the standard deviation from triplicates. 
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4.3.4 Interfacial layer structure of droplets stabilised by CAS and Ca-CAS 

4.3.4.1 Transmission electron microscopy 

Negative staining TEM characterisation was used to observe the morphologies of CAS and 

Ca-CAS before (Figure 4A and 4B) and after (Figure 4C and 4D) adsorption on to the interface 

of emulsion droplets. For the emulsion preparation, CAS and Ca-CAS with a protein 

concentration of 3% w/v were used to emulsify the 10 % v/v toluene. To avoid particle 

overlapping on the TEM grid, the protein solutions and the emulsions formed with 3% w/v 

protein were diluted 100-fold during sample preparation. 

Figure 4-4A shows caseins present in different structural forms in the CAS dispersion, 

including particulates, fibrous shapes in a size range of a few nanometres and irregular 

aggregates of several hundred nanometres. These morphologies were similar to those observed 

in a previous study using TEM (Farrer & Lips, 1999). Figure 4-4B shows that, in the presence 

of Ca2+, the caseins assembled into spherical particles of ~ 50 nm in size. Aggregates of Ca-

CAS were observed and showed a nested network.  

To eliminate the effect of the ratio between the droplet surface area and the protein 

concentration (Fang & Dalgleish, 1993; Wooster & Augustin, 2006), emulsions stabilised by 

different particles (CAS and Ca-CAS) were controlled in terms of droplet size and specific 

surface area, as shown in the Supplementary material, Table S 4-1. Figure 4-4C and 4D 

show that the interfaces of the emulsion droplets were almost completely covered by CAS or 

Ca-CAS. The structure of CAS at the droplet interface was in the shape of irregular fibrils and 

formed a thin layer with a small amount of CAS aggregates. The lack of spherical particles 

suggested that structural rearrangement of CAS occurred upon adsorption at the droplet 

interface. This structural rearrangement could have been driven by hydrophobic forces that 
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maximised the contact area between the hydrophobic part of the caseins and the oil surface. At 

the emulsion droplet interface, Ca-CAS retained its regular spherical structure and size 

(approximately 50 nm) and was uniformly distributed over the droplet surface. Hunt & 

Dalgleish (1994) suggested that, when caseins are cross-linked by Ca2+, the intermolecular 

linkages between them increase and their flexibility decreases compared with the individual 

caseins. This supports observations in the present study that Ca-CAS had an enhanced particle 

structural integrity compared with CAS after adsorption at the emulsion droplet surface. 
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Figure 4-4: Negative staining transmission electron microscopy images (20.5kx magnification) 

of (A) 0.03 % w/v sodium caseinate (CAS), (B) 0.03 % w/v Ca2+-cross-linked caseinate (Ca-

CAS) particles, (C) interface of 10 % v/v toluene emulsion droplet stabilised by 3 % w/v CAS 

and (D) interface of 10 % v/v toluene emulsion droplet stabilised by 3 % w/v Ca-CAS. Scale 

bars are 500 nm. 
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4.3.4.2 Small-angle neutron scattering analysis  

The interfacial structures of the emulsions were probed by CV-SANS, as shown in Figure 

4-5. At 12% D2O, the entire oil droplet and the adsorbed protein layer contributed to the 

scattering. The scattering patterns and the intensities of the emulsions stabilised by CAS and 

Ca-CAS were similar (Figure 4-5A and B), which can be attributed to their similar oil droplet 

sizes (Supplementary material, Table S 4-1). The 40 and 89% D2O solvents were used to 

contrast match the scattering intensity from the adsorbed protein layers and the oil droplets (d-

toluene) respectively, thus highlighting the oil droplet only or the protein layer only. It can be 

observed that the variation of contrast matching solvents caused different changes in the 

scattering intensities of the different emulsions. For the emulsion stabilised by CAS, the 

intensity at the lowest Q of 0.0033 Å‒1 decreased from 170 to 86 cm‒1 when the amount of D2O 

was varied from 12 to 40%. However, there was a much more significant decrease in intensity 

from 170 to 36 cm‒1 in the emulsion stabilised by Ca-CAS. This suggested that the contribution 

of the adsorbed protein to the total emulsion scattering was much more prominent in the 

emulsion stabilised by Ca-CAS than in the emulsion stabilised by CAS. Indeed, in 89% D2O, 

in which only the adsorbed protein layer could be observed, the scattering intensity of the 

emulsion stabilised by Ca-CAS was much greater than that of the emulsion stabilised by CAS. 

This was expected as Ca-CAS has a much greater size than CAS, thereby forming a thicker 

interfacial layer once adsorbed at the oil droplet interface. The thickness of interfacial layers 

formed by CAS and Ca-CAS was determined by fitting the SANS data at 89% D2O using the 

models discussed below.  

To better examine the scattering pattern changes under different contrast matching 

conditions, the scattering curves for the emulsions stabilised by CAS and Ca-CAS are shifted 

vertically in Figure 4-5C and 5D. For both emulsion samples suspended in 40% D2O, the 
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scattering in the low-Q region (Q < 0.01 Å‒1) followed a power-law decay with an exponent of 

‒4, which indicated Porod scattering from the smooth surface of the oil droplet. In the 89% 

D2O solvent, the scattering data changed to a Q‒2 dependence in the low-Q region, indicative 

of the scattering characteristics of a thin film (Martin & Schaefer, 1984). In this case, as the 

SLD value of the aqueous phase (89% D2O) is very close to that of the d-toluene phase, only 

the scattering from the adsorbed protein layer was observed. Similar scattering patterns were 

also observed in fish oil-in-water emulsions stabilised with combinations of CAS and 

phosphatidylcholine (Yesiltas et al., 2019), as well as in water-in-hydrocarbon emulsions 

stabilised by asphaltene (Alvarez et al., 2009; Jestin et al., 2007). The interfacial layer thickness 

can be determined from the Q (Q ~ 1/T, where T is the interface thickness) value at which the 

scattering deviates from Q‒2 behaviour (Yesiltas et al., 2019). The average thicknesses of the 

interfacial layers for the emulsions that were stabilised by CAS and Ca-CAS were calculated 

to be ~ 5 and ~ 30 nm, respectively (Figure 4-5C and 5D). The interfacial layer thickness 

values for CAS and Ca-CAS were smaller than their corresponding Dh in solution: ~ 15 nm for 

CAS and ~ 133 nm for Ca-CAS. This result suggests that the structures of CAS and Ca-CAS 

particles are flexible and can adjust their conformation to cover the interface, leading to 

efficient film formation. The deformation and the spreading of flexible molecules/particles, 

such as β-casein and casein micelles, on emulsion interfaces have been reported in previous 

studies (Robson & Dalgleish, 1987; Ye et al., 2013b). The interfacial layer thickness of 5 nm 

obtained in the CAS-stabilised emulsion was similar to that in a previous study using DLS 

combined with enzymatic hydrolysis, which reported a value of ~ 5‒10 nm (Fang & Dalgleish, 

1993). The thicker interfacial layer determined in the emulsions stabilised by Ca-CAS was also 

expected, as several individual caseins are cross-linked by Ca2+. This agrees well with the TEM 

observations (Figure 4-4), where a more prominent Ca-CAS aggregation was observed at the 

surface of the oil droplets. It is also worth noting that, compared with TEM, SANS can probe 



Chapter 4  

138 

a significantly greater number of emulsion droplets given the neutron beam size used and the 

emulsion concentration, resulting in a more statistically robust result (Gilbert, 2019; Yang et 

al., 2020). Moreover, we should emphasise that the interface thickness determined by SANS is 

an averaged result from a large number of oil droplet interfaces. This is critical as the interfacial 

coverage is not homogeneous in both CAS- and CAS-stabilised emulsions and some large 

aggregates are locally anchored on the surface of the oil droplets.  
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Figure 4-5: Small-angle neutron scattering profiles of (A) the deuterated toluene emulsion 

stabilised by sodium caseinate and (B) the deuterated toluene emulsion stabilised by Ca2+-

cross-linked sodium caseinate particles. SANS measurements were performed in 12%, 40% 

(highlighting the scattering of oil droplets by matching out the scattering of the proteins) and 

89% (highlighting the scattering of the protein shell by matching out the scattering of the oil 

droplets) deuterium oxide (D2O). The scattering curves shown in A and B (on the absolute 

scale) have been shifted vertically for clarity in C and D, respectively. The solid black lines are 

the unified fits to the scattering data.  
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4.4 Conclusions 

This study probed the effect of protein concentration and CaCl2 addition on the structure of 

CAS in an aqueous solution and at the oil-water interface. As the protein concentration 

increases from 0.05 to 3.0% w/v, CAS disperses in water as small particles with a radius of 

gyration ranging from ~4.9 to ~5.9 nm. However, the surface charges, the effective radius, the 

thickness of electric double layer as well as the packing distance of CAS particles decrease 

with an increase in protein concentrations because the counterion concentrations in the bulk 

phase increase. In the presence of Ca2+, the caseinate particles form large aggregates with a 

hydrodynamic diameter > 100 nm. At higher concentrations of both protein and Ca2+, the 

network consisting of small caseinate particles inside the large aggregates is more densely 

packed. Moreover, the presence of Ca2+ enhances the integrity of Ca-CAS particles at the oil-

water interface, resulting in a thick interfacial layer and providing a low and stable oil-water 

interfacial tension. The average thickness of the interface stabilised by Ca-CAS particles is ~ 

30 nm, i.e., approximately six times thicker than that stabilised by CAS (~ 5 nm). Herein we 

provided a simple approach to fabricate the protein particles using the source of casein protein 

and calcium, which can be easily applied in a wide range of applications. The thick interfacial 

layer of Ca-CAS would be expected to have enhanced impact on the emulsion physico-

chemical properties, in particular for nano-sized emulsion. The Ca-CAS-stabilised interfacial 

layer may provide improved performance in some applications, such as concentrated emulsion 

and emulsion gels. In future, it would be interesting to determine the stability and rheological 

properties of Ca-CAS-stabilised emulsion at different conditions, as well as their potential as 

functional ingredients in food products, which would further expand their applications.    
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4.6 Supplementary material 

Table S 4-1: Size and surface characteristics of emulsions stabilised by sodium caseinate 

particles and Ca2+-cross-linked caseinate particles (Ca-CAS). 

Parameters CAS emulsion Ca-CAS particle emulsion 

Surface mean diameter, d3,2 (µm) 0.39 (0.03) 0.39 (0.01) 

Volume mean diameter, d4,3 (µm) 9.60 (0.81) 9.85 (0.75) 

Specific surface area (m2/g) 15.40 (0.23) 15.30 (0.21) 

CAS, native sodium caseinate; Ca-CAS particle, Ca2+-cross-linked sodium caseinate 

particle. 

Numbers in parentheses represent the standard deviation from triplicates. 
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Figure S 4-1: Particle size intensity distribution of Ca2+-cross-linked caseinate (Ca-CAS) 

particle dispersions at protein concentrations of 0.5 (black), 1.5 (red) and 3.0% w/v (blue) at 

neutral pH (7.0 ± 0.1) and 20 °C from ZetaSizer dynamic light scattering intensity 

measurements.  
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Chapter 5 Oil exchange mechanisms in droplet-stabilised 

emulsions as revealed by contrast variation USANS and SANS  

Graphic Abstract  

 

Abstract 

Oil-in-water emulsions that are stabilised by primary droplets (droplet-stabilised emulsion, 

DSE) have attracted research interests due to their high stability and potential for co-delivery 

of two or more active substances in one vehicle. In this study, mass transport of the different 

oils between the primary droplet and the stabilised core droplet is investigated using SANS and 

USANS. Nano-sized soya-oil-droplets covered by a protein layer made of calcium cross-linked 

casein particles (Ca-CAS) were used to stabilise deuterated toluene (d-toluene) droplets. These 

two oils were chosen as their scattering length densities are different. Time-resolved contrast-

variation ultra-small-angle neutron scattering (CV-USANS) was used to measure the structure 

and composition of droplets over time, complemented by static light scattering and optical 

microscopy. The primary droplet layer was found to be stable to against the coalescence with 
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the core droplet over time, resulting a similar surface fractal dimension value of 3.7 for a rough 

interfacial layer of DSE. However, a rapid full mixing between soya-oil and d-toluene was 

found in DSE which yielded even distribution of mixed oil at all length scale in DSE as probed 

by CV-USANS and CV-SANS. The oil exchange process was slowed down by eliminating the 

direct adsorption of the soya-oil droplets at the d-toluene droplet surface. The emulsion 

containing dispersed soya-oil droplets and d-toluene droplets showed the oil exchange 

following an exponential decay and it took 320 min to reach an equilibration. The faster 

diffusion rate of d-toluene compared to that of soya-oil led to a shrinkage of d-toluene droplets 

and the growth of soya-oil droplets, resulting in a narrower droplet size distribution over time 

as supported by static light scattering and optical microscopy measurements. Knowledge of 

structural stability and oil exchange in the hierarchical or polydisperse emulsions will assist in 

the rational design of their use as co-delivery vehicles and other potential applications. 

5.1 Introduction  

Oil-in-water emulsions stabilised by primary droplets offer a potential to co-deliver two or 

more active substances in one vehicle (Hettiarachchi et al., 2009; Sakellari et al., 2021). For 

utilising the hierarchical emulsions as delivery vehicles and control the release rate and site of 

the bioactive compounds, it is important to understand the mass transport between the oil 

droplets. In emulsion systems, there are several mechanisms responsible for mass transport 

between oil droplets, including droplet coalescences, Ostwald ripening and oil molecule 

exchanges (Lee & Pozzo, 2019; Malassagne-Bulgarelli & McGrath, 2009). The first two 

destabilisation mechanisms can cause two oil droplets to merge into one large droplet, which 

can be monitored by droplet size changes with time. Droplet coalescence can occur due to 

colloidal interactions and interfacial film rupture. Ostwald ripening also leads to an increase in 

droplet size, but this is due to the different Laplace pressures between the polydisperse droplets 
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and to the solubility of the oil molecules in the aqueous phase. Under Ostwald ripening, the 

size of the large droplet will increase at the expense of the smaller ones. Due to their different 

effects on droplet size and distribution evolutions, coalescence and Ostwald ripening can be 

easily identified. Ostwald ripening leads to narrow size distributions and a gradual decrease in 

the droplet growth rate. In contrast under coalescence the oil droplets polydispersity increases 

the coarsening rate is accelerated (Bibette et al., 1992; Schmitt et al., 2004) 

The third mechanism – oil exchange was proposed in previous studies and is attributed to 

the transport of the oil molecules between the droplets without affecting their size with time 

(McClements et al., 1992, 1993a; McClements & Dungan, 1993). The oil-exchange between 

hexadecane droplets and octane droplets stabilised by a non-ionic surfactant (polyoxyethylene 

sorbiton monolaurate) was studied using differential scanning calorimetry (DSC) to monitor 

the changes in crystallisation temperature (McClements et al., 1992; McClements & Dungan, 

1993). These studies suggested that the oil exchange process only occurred at surfactant 

concentrations above the critical micelle concentration; the surfactant micelles accelerated the 

solubilisation of the insoluble oil molecules and transport of oil between droplets, through the 

aqueous phase. More recently, contrast-variation small-angle neutron scattering (CV-SANS) 

was used to determine the rate of oil exchange between oil droplets (Lee & Pozzo, 2019; Roger 

et al., 2015). CV-SANS relies on the difference in neutron scattering length densities (SLDs) 

of the hydrogenated and the deuterated oil molecules (Gilbert, 2019; Lopez-Rubio & Gilbert, 

2009). This allow to direct monitoring of oil compositional changes in the droplets in situ 

without extensive sample preparations or the need for molecular labelling.  

However, previous CV-SANS studies of oil exchange between hexadecane (C16H34/ C16D34) 

droplets have contradicted the results of DSC measurement, with significant oil exchange 

observed at concentrations of the surfactants (e.g., sodium dodecyl sulphate, and 
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polyoxyethylene alkyl ether) well below the critical micellar concentration (Lee & Pozzo, 2019; 

Roger et al., 2015). These two studies suggested that the underlying mechanism of the oil 

exchange is due to direct droplet contacts or oil permeation through thin liquid films. The oil 

exchange kinetics could be controlled by the surfactant layer structure, temperature, aqueous 

solubility of oil phases, and the probability of collisions (e.g., the concentration of droplets and 

long-range repulsions).  

In addition, Roger et al. (2015) reported that the oil exchange rate decreased by orders of 

magnitude with increasing the hydrophobic chain length or the hydrophilic chain length. In 

contrast, Lee & Pozzo (2019) observed that the oil exchange rate of emulsions stabilised by a 

short hydrophobic alkyl tails (hexyl sulphate sodium salt, SHS, C6) surfactant was much slower 

than for those stabilised by a surfactant with identical hydrophilic head but longer hydrophobic 

alkyl tails (tetradecyl sulphate sodium salt, STS, C14). The STS (C14) stabilised emulsion had 

a smaller droplet size (85 nm in diameter) than the SHS (C6) stabilised emulsion (261 nm in 

diameter). Lee & Pozzo (2019), hence, suggested that the droplet size became the governing 

factor in oil exchange rate rather than the type of the surfactant, in which the smaller droplet 

had a higher collision probability and total interfacial area. Previous studies by both Lee & 

Pozzo (2019) and Roger et al. (2015) had highlighted the importance of the frequency of oil 

droplet collisions in oil exchange rates. This leads to the interest in understanding oil exchange 

in oil droplets stabilised emulsion (Cheng et al., 2019, 2022a) where primary droplets are 

homogenised with the second oil phase to form larger secondary oil droplets. In addition, 

previous studies of the oil exchange process had been carried out on surfactant-stabilised 

emulsions and their droplets are distant from each other (Lee & Pozzo, 2019; Roger et al., 

2015). The oil exchange mechanism of those emulsions may not be directly applicable to 

droplet-stabilised emulsions with a protein particle layer separating two oil droplets in contact.  
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In this work, emulsions containing hydrogenated soya-oil of about 600 nm in diameter were 

prepared by using calcium cross-linked casein particles (Ca-CAS) as emulsifiers. Large droplet 

size emulsions containing deuterated toluene (d-toluene) of about 20 µm in diameter were 

prepared by Ca-CAS-coated-emulsion stabilisation or by Ca-CAS stabilisation only. The oil 

exchange process between the droplet (hydrogenated oil) and the large droplet (deuterated oil) 

was studied in the system of droplet-stabilised emulsion (DSE) where droplet is adsorbed at 

the large droplet surface, or in a system where primary droplets and large size droplets are 

simply mixed. Time-resolved contrast-variation ultra-small-angle neutron scattering (CV-

USANS) was used to monitor the oil exchange process and identify oil-exchange mechanisms. 

To extend the probing length from microscale to nanoscale, CV-SANS was also used in the 

present study.  

5.2 Materials and methods  

5.2.1 Materials 

Sodium caseinate (Alanate 180: 92.7 % w/w protein, 4.3 % w/w moisture, 0.7 % w/w fat 

and 0.2 % w/w carbohydrate) was purchased from Fonterra Co-operative Group Ltd. 

(Auckland, New Zealand). Soya-oil was purchased from Davis Trading Company, Palmerston 

North, New Zealand. Deuterated toluene (d-toluene: C6D5CD3) was purchased from Sigma 

Aldrich (St. Louis, MO, USA). Milli-Q water (Millipore Corp., Bedford, MA, USA) and 

deuterium oxide (D2O) (Sigma Aldrich) were used to prepare emulsion samples for the SANS 

studies. All chemicals used were of analytical grade and were purchased from Sigma-Aldrich 

(St. Louis, MO, USA) or BDH Chemicals (BDH Ltd., Pooles, England).  

5.2.2 Preparation of calcium cross-linked caseinate particle (Ca-CAS)  

The method of preparing Ca-CAS was the same as Cheng et al. (2022). In brief, Ca-CAS 

were formed with 3.0% w/v sodium caseinate and 20 mM CaCl2 in Milli-Q water (resistivity 
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= 18.2 MΩ.cm) at pH 7.0 at room temperature. The resultant sample contains sodium azide at 

a final concentration of 0.04 wt% for preservation. 

5.2.3 Emulsion preparation 

5.2.3.1 Primary emulsion 

Emulsions with nano-sized droplets were prepared and used as the emulsifying agent for the 

droplet-stabilised emulsion and termed as primary emulsion. Ca-CAS dispersion (3.00 w/v % 

protein, 20.00 mM CaCl2, pH 7.0) was mixed with soya-oil, giving 30 v/v % soya-oil in the 

final primary. The mixture was prehomogenized using a handheld Ultra-Turrax (IKA T10 basic, 

Staufen, Germany) at 30,000 rev min‒1 for 30 s, then passed through a two-stage homogeniser 

(Homolab 2, FBF Italia, Italy) at pressures of 47 MPa (first stage)/5 MPa (second stage), 

resulting in a nano-sized primary emulsion. The outlet temperature of the two-stage 

homogeniser was controlled by using an ice bath to avoid excessive heating during high-

pressure homogenisation.  

The resultant primary emulsion was subsequently diluted with D2O and H2O to reach 

different D2O concentrations in the aqueous phase in a range from 12 to 89.5 % v/v D2O. The 

diluted primary emulsion contains 4.2 v/v % hydrogenated soya-oil and 0.3 w/v % proteins. 

The pH of the diluted primary was adjusted to pH 5.80 ± 0.05 using 2M HCl under mild 

magnetic stirring.  

5.2.3.2 Droplet-stabilised emulsions 

The diluted primary containing hydrogenated soya-oil was mixed with d-toluene to form 

droplet-stabilised emulsion (DSE). The final emulsion contains 10 v/v % d-toluene, 3.78 v/v % 

hydrogenated soya-oil, and 0.27 % w/v protein. Homogenisation of the concentrated DSE was 
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performed using a handheld Ultra-Turrax (IKA T10 basic, Staufen, Germany) at 24,000 rev 

min‒1 for 2 min. The resultant sample contains sodium azide at a final concentration of 0.04 

wt% for preservation. 

5.2.3.3 Mixed emulsions 

Ca-CAS dispersion (3.00 w/v % protein, 20.00 mM CaCl2, pH 7.0) was diluted with D2O 

and H2O to reach 0.3 w/v % protein, and then mixed with d-toluene to form d-toluene emulsion. 

The final d-toluene emulsion contains 10 v/v % d-toluene and 0.27 % w/v protein. 

Homogenisation of the DSE was performed using a handheld Ultra-Turrax (IKA T10 basic, 

Staufen, Germany) at 24,000 rev min‒1 for 2 min. The resultant d-toluene emulsion was mixed 

with diluted primary emulsions at 1:1 volume ratio to obtain the mixed emulsion. Sodium azide 

at a final concentration of 0.04 wt% was also added for preservation.  

5.2.4 Microstructure of the droplets 

An optical microscope (Zeiss Axio, Jena, Germany) was used to capture the microstructure 

of the droplet. 40 µL of samples were transfer to a microscope slide with a cavity immediately 

after preparation. The edges of the cover slip were sealed with nail polish to prevent 

evaporation. All experiments were carried out at 40× magnifications. 

5.2.5 Droplet size distributions 

Emulsion droplet size were determined by static light scattering using a Malvern 

MasterSizer 2000 (Malvern Instruments Ltd, Malvern, UK). The refractive index of toluene 

was 1.49 and that of water (the dispersing medium) was 1.33. The absorbance value of the 

emulsion droplets was 0.001. Droplet size measurements are reported as the De Broukere mean 

(d4,3). Mean particle diameters were calculated as the average of duplicate measurements. 
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5.2.6  Ultra- small-angle neutron scattering (USANS) and small-angle neutron scattering 

(SANS) 

USANS and SANS experiments were performed on the KOOKABURRA and QUOKKA 

instruments, respectively, at the OPAL reactor at ANSTO (Sydney, Australia). SANS was used 

to probe at a Q range from 0.003 to 0.4 Å–1, corresponding to a length scale from ~6 up to 628 

nm. The 𝑄 =
4𝜋 sin 𝜃

𝜆
 is the magnitude of the scattering vector, λ is the wavelength (Å), and 2θ 

is the scattering angle. USANS was set up in the long-wavelength configuration (4.74 Å), 

allowing a Q range of ∼0.00004 – 0.01 Å−1
 extending the range of the experimentally 

measurable length scale from ~ 62.8 nm up to 16 μm. 

A set of solvent contrast variation measurements were conducted to characterise the oil-

exchange between the d-toluene (a neutron SLD corresponding to ~ 89 % D2O /11 % H2O) and 

the soya-oil (a neutron SLD corresponding to ~ 10.4 % D2O /89.6 % H2O). Emulsions prepared 

in 5 different solvents, namely, water containing 12% D2O (contrast matching hydrogenated 

oil), 40% D2O (contrast matching the proteins), 89 % D2O (contrast matching the deuterated 

oil), 60 % D2O and 70 % D2O (contrast matching the fully mixed deuterated and hydrogenated 

oil) were studied. It was noted that the droplet concentration of the mixed emulsions was half 

that of the DSE due to 1:1 volume ratio mixing. The droplet concentration of the mixed 

emulsion and the DSE will be kept consistent by solvent dilution, prior to USANS and SANS 

measurements.  

To prevent emulsion creaming, a multi-position tumbler was used during the collection of 

the USANS and SANS data. The scattering backgrounds of each contrast were prepared by 

ultracentrifugation of the corresponding emulsions at 63,000 g at 4 ℃ for 60 min followed by 

0.1 µm syringe filtration. All the SANS data were collected at room temperature (20 °C), and 
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were reduced according to standard procedures (Kline, 2006) using the Igor Pro software 

(Wavemetrics, USA) with the respective solvent background subtraction. 

5.2.7 USANS and SANS data analysis 

USANS and SANS data was analysed using power-law model, 𝐼(𝑄)~𝑄𝛼, or unified fit 

model (Beaucage, 1995, 1996). The Guinier scattering representing particle size and the power-

law exponent scattering indicating the presence of mass or surface fractals can be obtained 

from the unified fit model. The unified fit model is expressed as: 

 
𝐼(𝑄) =  ∑ [𝐺𝑖𝑒𝑥𝑝 (

−𝑄2𝑅𝑔𝑖
2

3
) + 𝐵𝑖𝑒𝑥𝑝 (

−𝑄2𝑅𝑔(𝑖+1)
2

3
)]

𝑛

𝑖=1

 (5-1) 

where n is the number of structural levels, G is the Guinier scale factor, Q is the scattering 

wave vector, Rg is the radius of gyration and B represents the scale factor for power-law 

scattering. The fits were conducted in the Irena SAS macro (Ilavsky & Jemian, 2009) 

embedded in Igor Pro (Ilavsky & Jemian, 2009), which can take the smearing conditions for 

USANS into account by setting the slit-height to 0.0584 Å−1 (Yang et al., 2022). 
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5.3 Results and discussion 

5.3.1 DSE stability towards coalescence  

Emulsions prepared in various D2O/H2O solutions had similar droplet size distributions and 

droplet diameters, d4,3, of ~ 20 µm as measured by static light scattering (Figure 5-1). Oil 

droplet size distributions of freshly prepared and 72 hours aged DSE in 89% D2O were 

compared to examine the changes in droplet sizes as a function of time. As shown in Figure 

5-1, the droplet size distribution of fresh DSE prepared in 89% D2O overlapped with that of 

the aged DSE; the d4,3 values for freshly made DSE and aged DSE were similar (~20 µm). 

These results suggested that DSE, where the d-toluene was stabilised with Ca-CAS-particle-

coated-soya-oil emulsions, was stable against droplet coalescence during 72 h storage.   
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Figure 5-1: Droplet size distributions of freshly prepared droplet-stabilised emulsions (DSE) 

in 12% ( ), 40% ( ), 60% ( ), and 89% D2O ( ) and the DSE in 89 % D2O ( ) after 

72 hours. 
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5.3.2 Oil exchange in DSE 

USANS and SANS scattering curves of DSE in various solvents with different D2O/H2O 

ratios are shown in Figure 5-2a-b. The scattering intensities of DSE in 12%, 40% and 89% 

D2O solvents were parallel to each other in the entire Q-range probed by either USANS or 

SANS. In addition, the DSE showed extremely low scattering intensity in the whole Q range 

in 60% D2O solvent, suggesting the neutron SLD of DSE was very close to that of the solvent, 

thus resulting in a significant reduction in scattering intensity. The parallel scattering pattern 

observed in 12%, 40% and 89% D2O implies that DSE may have a similar contrast match point 

and a similar oil composition at the whole Q-range since the scattering contrast is composition-

dependent. Further, the contrast match points of DSE at different Q value (corresponding to 

various sizes) were determined to quantitatively evaluate the oil composition.  

Contrast match points at different Q values were determined by a linearisation method 

(Heller, 2010; Richards, 2018) where the √𝐼(𝑄) is plotted as a function of the volumetric 

concentration of D2O (D2O%) in the solvent and the contrast match point is determined at 

√𝐼(𝑄) = 0 (Figure 5-2c). The contrast match points of DSE obtained at different Q values 

were similar (~62.5 % D2O), confirming that the oil compositions of DSE at different length 

scale were similar. In addition, the contrast match point determined here is very close to the 

SLD of fully mixed d-toluene and hydrogenated soya-oil. Theoretically the contrast match 

point of the DSE scattering when the two oil phases are completely mixed can be calculated as 

~ 67 % D2O based on the composition of 10 % d-toluene (equivalent to 89.3 % D2O), 3.78 % 

soya-oil (equivalent to 10.4 % D2O), and 0.27 % casein (equivalent to 40.9 % D2O). This 

finding indicates that the oil mixing in DSE occurred and completed during the emulsion 

preparation (e.g., homogenization).  
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To further understand the oil exchange kinetics in the DSE, the time-resolved CV-USANS 

was applied. In the kinetics experiment, USANS measurements of DSE were performed 

immediately after sample preparation. As shown in Figure 5-2d, the USANS scattering curves 

collected at different times from 3 min to 2301 min after DES preparations overlapped with 

each other. There were nearly no changes in scattering profiles with time. The kinetics results 

confirmed that oil exchange between d-toluene and hydrogenated soya oil in DSE was a very 

rapid process, which could be attributed to the low viscosity of toluene of 0.554 cP (Santos et 

al., 2006) and intermediate viscosity of soya oil of 5.4 cP (Noureddini et al., 1992). Previous 

study showed that the whey-protein-coated-solid-tripalmitin-particles-stabilised sunflower oil 

droplets were able to co-deliver dimethyl phthalate (DMP, encapsulated within sunflower oil 

droplet) and Sudan III (encapsulated within tripalmitin solid lipid particles), in which DMP 

had a faster release kinetics than Sudan III (Sakellari et al., 2021). The different release profiles 

of DMP and Sudan III indicated that they were released from different oil droplets; the solid 

tripalmitin particles and the core sunflower oil droplet were not homogeneously mixed with 

each other after homogenisation. The different oil mixing phenomena in low viscosity oil 

emulsions (the current soya-oil-droplet-stabilised-d-toluene emulsion) and the high viscosity 

oil emulsion (the solid tripalmitin-stabilised-sunflower-oil emulsion) suggested that the extent 

of oil mixing between the surface primary droplet and the core droplet could be controlled by 

varying the oil viscosity/molecular structures in the two droplet phases. This topic will be worth 

studying in the future.  

In addition to the oil viscosity, the droplet collision during the ultra-turraxing and the direct 

contact between soya-oil and d-toluene droplets after the DSE formed could be due to other 

factors affecting the kinetics of oil exchange between the surface droplet and the core droplet. 

During the homogenisation process, significant oil transport can occur at different length and 
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time scales as the breakup of the dispersed phase (e.g., d-toluene), the adsorption of emulsifiers 

(e.g., soya oil droplet) to the newly generated oil surface, and the coalescence of droplets before 

the sufficient interface coverage (Jafari et al., 2008; Kotula & Anna, 2012). The coalescence 

mechanism could possibly explain the transfer of soya oil from the small droplet to the large 

d-toluene droplet, resulting in a decrease in the neutron contrast of the d-toluene droplet.  

However, this assumption was not consistent with the experimental results of the current 

study. A surface fractal dimension value of 3.7 was determined in the Q-range between 3.810-

5 and 510-4 Å-1 from the scattering curve at different times, suggesting a rough interfacial layer 

of DSE. A similar rough interfacial layer with a surface fractal dimension value of 3.0 was 

found in a previous USANS study of the DSE stabilised by whey-protein-microgel-(WPM-) 

coated-primary-droplets (Cheng et al., 2019). The rough interface of DSE was attributed to the 

adsorption of Ca-CAS-coated-primary-droplets onto the core droplet, which was confirmed by 

optical microscopy (Figure 5-2d, inset). At longer time, the same surface fractal dimension 

value of 3.7 for DSE indicating that the adsorbed primary droplet layer at the DSE interface 

did not coalesce with the core droplet. Combined with the findings from SLS measurements of 

DSE droplet size distribution, these results suggested that DSE were stable to droplet 

coalescence not only between DSE droplets but also between adsorbed primary droplets and 

the core droplet. The exchange of oil between surface oil droplets and core oil droplets did not 

promote or resulted in the coalescence between them. The fast exchange between the surface 

and the core oil droplets may occur via pathways other than droplet coalescence. 
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Figure 5-2: Scattering curves of the DSE measured by (a) USANS and (b) SANS in the solvent 

containing 12 % ( ), 40 % ( ), 89 % ( ), and 60 % ( ) D2O. (c) The intensity of DSE 

at selective Q as the function of D2O concentration; the solid red line represents the linear fit 

of the intensity value obtained at the fixed Q and various D2O concentration, the arrow guides 

the calculated contrast matching point (62.5 % D2O) of the DSE. (d) USANS kinetic scattering 

curves of DSE in 89 % D2O from 3 – to2301 min after addition of the d-toluene into the aqueous 

phase, and the solid red line represents the power-law fit; inset is the optical microscopy image 

of the fresh DSE in 89 % D2O. 
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5.3.3 Oil exchange in the mixed emulsion 

To further understand the oil exchange process in emulsion systems, two emulsions 

prepared from the two d-toluene /hydrogenated-soya-oils stabilised by the Ca-CAS were used. 

Since these simply mixed emulsions have a different structure compared to the DSE, different 

oil exchange kinetics would be expected. The mixed emulsion was similar to DSE in terms of 

oil composition, oil volume fraction and droplet size distribution, but without the adsorption of 

droplets onto the surface of d-toluene core droplet. As shown in Figure 5-3a, both emulsions 

show monomodal distributions; the hydrogenated-soya-oil emulsion was the primary emulsion 

used in DSE preparation that had a d4,3 of 0.68 ± 0.05 µm, while the d-toluene emulsion was 

controlled to a similar droplet size distribution to DSE with a d4,3 of 16.6 ± 0.5 µm. 

Before monitoring the oil exchange process between the soya-oil emulsions and the d-

toluene emulsion, it was necessary to characterise the structure of the two individual emulsions, 

as well as the kinetic stability of the d-toluene emulsion to exclude the contribution of droplet 

instability to the changes in scattering curves. A solvent of 70% D2O was chosen because its 

scattering contrast was close to the theoretically calculated contrast match point of the soya 

oil/toluene mixture (contrast match point ~67% D2O) but was significantly different from the 

scattering contrast of the two individual emulsions.  

Scattering curves of the two individual emulsions measured by USANS are shown in Figure 

5-3b. The scattering curve of soya-oil emulsion showed a Guinier feature at 𝑄 = 0.0004 Å-1, 

indicating the presence of Rg of 0.36 ± 0. 01 µm. This size was comparable with the size 

determined by SLS (Figure 5-3a). Due to the large size of the d-toluene emulsion, their 

scattering curves did not show any Guinier features but a steep power-law decay. The powder-

law exponent is 4.0 in the entire Q range, indicating a smooth interface of the droplet. This 

result agrees well with our previous study of emulsion stabilised with Ca-CAS (Cheng et al., 
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2022b). It is known that d-toluene has certain extent of solubility in water (5.2 g/L at 20 °C); 

the loss and uptake of d-toluene molecules in the droplet due to transport of d-toluene 

molecules through the aqueous phase could result in changes in droplet size distribution and 

shifts in the scattering profile (Alvarez et al., 2009; Cheng et al., 2019). However, all scattering 

intensity curves of the pure d-toluene emulsion at different times overlapped. This observation 

suggested that transportation of d-toluene molecules via aqueous phase between droplets was 

very limited (Figure 5-3b). The Ca-CAS-layer can prevent d-toluene droplets from droplet 

coalescence and Ostwald ripening at least for 392 min. 
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Figure 5-3: (a) Droplet size distribution of the Ca-CAS-stabilised soya-oil emulsion ( ) and 

of the Ca-CAS-stabilised d-toluene emulsion at 3 min ( ), 240 min ( ) and 360 min 

( )after preparation. (b) USANS scattering curves of the Ca-CAS-stabilised soya-oil 

emulsion (diamond symbols) and Ca-CAS-stabilised d-toluene emulsion (circle symbols) 

during time from 3 to 392 min after addition of the d-toluene into the aqueous phase; the solid 

red line indicates the power-law fit.  
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To capture any oil-exchanges between two emulsions, the ultra-fast-USANS technique with 

a scanning time interval of 17 second was used to determine the scattering intensity at a single 

Q-vector. Figure 5-4a shows the scattered intensities at low 𝑄 = 9 × 10−5  Å-1 of two 

individual emulsions (d-toluene navy circle and soya-oil red triangle) and the mixture emulsion 

(two emulsion mixing) (blue squares) for the first 15 min. In this time range, the emulsions of 

pure d-toluene and pure soya-oil emulsions showed a constant scattered intensity of 21285 and 

5223 cm-1, respectively (Figure 5-4a), which were also verified in the extended time range in 

Figure 5-3b. Upon mixing the two emulsions, the scattering intensity decreased progressively 

from 7940 ± 254 to 6198 ± 225 cm-1 within 500 s and then plateaued around 6200 cm-1 for the 

next 400 s (Figure 5-4a). This indicated that a rapid mixing of d-toluene and soya-oil had taken 

place immediately and slowed down gradually.  

Further, a fast scan USANS measurement covering a Q range from 3.5 10-5 to 9.2 10-4 

was performed to track the kinetics of oil changes up to 493 min. It can be observed that the 

scattering intensity decreased progressively with time (Figure 5-4b). For example, the 

scattering intensity at Q (= 9 × 10−5 Å-1) was markedly decreased from 5685 ± 174 to 1297 ± 

52 cm-1 within 255 min before reaching a plateau at ~1190 ± 50 cm-1 after 320 min. An 

exponential decay function (Motulsky & Christopoulos, 2003) was used to fit the decease of 

scattering intensity with time: 

 𝐼𝑡 = 𝑎𝑒−𝑘𝑡 + 𝐼𝑝 (5-2) 

where t is the time, 𝐼𝑡 represents the intensity at time t, 𝐼𝑝 represents the asymptotic value 

of the plateau intensity, a represents the span between 𝐼𝑝 and the initial scattering intensity 

value, and k is the intensity decay rate coefficient. 
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The k of the mixed emulsion at 𝑄 = 9 × 10−5 Å-1 was calculated as 0.0095 ±0.0003min-1 

(Figure 5-4c), while at high 𝑄 = 3 × 10−4 Å-1 k was 0.0075 ±0.0005 min-1 (curve not shown). 

The different k values obtained at different Q-vector could be explained by the droplet size 

distribution of the mixed emulsion as the intensity is more sensitive to the change in droplet 

size for the large droplets (I(Q) ~ Rg
2) (Alvarez et al., 2009; Cheng et al., 2019). 

Further, a steep intensity decay was observed at 3.8 10-5 < Q (Å-1) < 7.2 10-5, which was 

attributed to the surface scattering of the d-toluene droplet. As the time increased, the power 

law exponent in the low-Q range gradually decreased from 2.6 to 0.6 within the first 120 min 

as shown in Figure 5-4b. The vanishing of the surface scattering features of the large d-toluene 

droplets may be attributed to (1) a reduction in scattering contrast due to the soya oil 

transferring to the d-toluene droplets, or (2) the collapse and shrinkage of the d-toluene droplets 

to a small size because the d-toluene molecules transfer from the large droplet to the small soya 

oil droplet, or (3) a combination of both.  

Assumption (2) can be examined by SLS and optical microscope measurements. The freshly 

prepared mixed emulsion was sealed in glass bottles and droplet size distribution was measured 

at different times after preparation, as shown in Figure 5-4d. After mixing the large d-toluene 

droplets and the small soya oil droplets for 1 min, the mixed emulsion showed a bimodal 

distribution of the large d-toluene droplets and small soya oil droplets. The lower intensity of 

the d-toluene droplets might be the consequence of the evaporation of d-toluene due to the 

stirring during the SLS measurement. After mixing two emulsions for more than 10 min, the 

peak of d-toluene droplet could not be detected by SLS measurements. Simultaneously, the 

small size end of the small droplet peak shifted towards the larger size, the size range of the 

peak became narrower, while the intensity of the summit point became higher. The smallest 

droplet size increase could be due to the uptake of the d-toluene molecules by small soya-oil 
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droplets, while the narrowing of the droplet size distribution narrowed over time was consistent 

with the Ostwald ripening effect (Schmitt et al., 2004). This result supported the assumption 

(2) that d-toluene molecules transfer from the large droplet to the small soya oil droplet 

resulting in the shrankage of the large d-toluene droplets and slight growth of the small soya 

oil droplets. However, the loss of droplet features of d-toluene droplet with time was not exactly 

consistent in the SLS and USANS determinations. This discrepancy may be due to the 

evaporation of d-toluene during the transfer of the sample from the container to the instrument 

in the SLS determination, whereas in the in-situ USANS determination the evaporation of d-

toluene was restricted.  

To visualise the droplet size and morphology at the limited evaporation state, the freshly 

prepared mixed emulsion was sealed in the cavity microscopic slide. The observation had 

conducted at the fixed X-Y position and the optimised focus. As shown in Figure 5-4e-g, at 

the well-sealed and resting conditions, both large (marked with a scale bar) and small droplets 

(marked with a red square) were presented over 120 mins. The change in droplet size of d-

toluene droplet over time could be due to the loss of d-toluene from the large droplet and the 

creaming effect of the droplets in the sealed cavity slide. This set of results from SLS and 

optical microscopy results indicated that there was a mass-transport of d-toluene from the large 

droplets to the small soya-oil droplets narrowing the droplet size distribution with time. 

Therefore, the decay in scattering intensity of the mixed emulsion with time (Figure 5-4c) 

could be attributed to both the mixing of d-toluene and soya-oil in droplets and the change in 

the droplet size distribution.  

Regarding assumption (1) and (3), it was difficult to draw a firm conclusion based on the 

current experimental results. Previous studies on the mixing of two emulsions containing 

different oils have shown that it is possible for insoluble oils to be transported from one droplet 
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to the other. Taylor (2003) had suggested that the transfer of the less soluble alkane (C13) from 

the small droplet to the large droplet containing more soluble alkane (C10) was driven by both 

the Kelvin effect of the small droplet due to its great surface curvature and the chemical 

potential differences in different droplets (Taylor, 2003). The greater the curvature of the 

smaller droplet surface, the amount of bonding that can go on between any one oil molecules 

on the surface and its neighbours is reduced; as a result, there is a greater probability that oil 

molecules can escape out of the droplet (Lewis, 2006). Besides, a high Laplace pressure in 

small droplets, which also known to be affected by the interfacial tension and the droplet radius, 

will drive the oil molecules out of the smaller droplets into larger ones as well (Bibette et al., 

1992). Therefore, the high Laplace pressure or the Kelvin effect arising from the small droplets 

could drive the transport of the insoluble soya-oil molecules from the small droplet to the large 

droplet in the current mixed emulsion system. Moreover, Taylor (2003) also suggested that the 

more soluble oils have a faster diffusion rate than the less soluble oils (Taylor, 2003), which is 

consistent with other studies using n-alkanes of different chain-lengths (Lee & Pozzo, 2019; 

Moitzi et al., 2007). Thus, the shrinkage of the large d-toluene droplets could be the 

consequence of the rapid transfer of the d-toluene molecules from the large to small droplets 

that had not been mass balanced by the slow transfer of the soya-oil from the small to large 

droplets. However, the pathway underlying the oil molecules transportation between droplets 

in the current study could be different from previous studies because of the difference in the 

type of emulsifiers. In the previous study, the emulsifier was sodium dodecyl sulphate (SDS), 

which was known to form micelles and bind oil molecules to transport them through the 

aqueous phase (Lee & Pozzo, 2019; Taylor, 2003).  
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Figure 5-4: (a) Intensity at 𝑄 = 9 × 10−5 Å-1 of pure d-toluene emulsion ( ), pure soya-oil 

emulsion ( ) at 3 min after preparation, and intensity decay curve of the mixed soya-oil/d-

toluene emulsion ( ) as function of time at 𝑄 = 9 × 10−5  Å-1 by USANS single-point 

method. (b) USANS kinetics scattering curves of the mixed soya-oil/d-toluene emulsion ( ) 

for 15 – 493 min after mixing two emulsions. (c) the intensity decay curve of the mixed soya-

oil/d-toluene emulsion ( ) as function of time at 𝑄 = 9 × 10−5  Å-1; the solid red lines 

indicate the power-law fit. (d) The droplet size distribution of mixed soya-oil/d-toluene 

emulsion for 1 – 300 min after mixing two emulsions. (e-g) Optical microscopy images of the 

mixed soya-oil/d-toluene emulsion for 3, 15 and 120 min after mixing two emulsions, scale 

marks the diameter of the selective d-toluene droplet, and the red square indicates the presence 

of soya-oil droplets.   

(f) 15 min (g) 120 min 
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5.3.4 Possible pathways of oil exchange between droplets 

As discussed in the mixed emulsion system, there might be a mutual exchange of d-toluene 

and soya-oil between two distant droplets. This mutual exchange process was probably driven 

by the differences in chemical potentials of droplets; the diffusion rate of the oil molecules was 

being influenced by their solubility in the aqueous phase and the different Laplace pressure of 

droplets (Lee & Pozzo, 2019; Moitzi et al., 2007; Taylor, 2003). In the present study, in the 

absence of chemical potential differences between droplets, the Ca-CAS-coated d-toluene 

droplet did not coalesce over time at the expense of small droplets (Figure 5-3b). The oil 

exchange process was only observed in the mixed emulsion containing different oils and 

required a long time (250 min) to reach equilibrium, despite the relatively high solubility of d-

toluene in the aqueous phase (C7D8, 5.2 g/L) (Figure 5-4). This equilibrium process (250 min) 

was  much longer than that of the less soluble dodecane (C12H26/C12D26) by surfactant 

solubilisation and transportation through aqueous phase (10 min) (Lee & Pozzo, 2019). These 

phenomena indicate that the pathway allowing the exchange of oil molecules across interfacial 

protein films was impossible to be due to  spontaneous diffusion of oil molecules through the 

aqueous phase, or due to the solubilisation and transportation by the emulsifiers (proteins or 

surfactants) (Lee & Pozzo, 2019; McClements et al., 1992, 1993a). It is most likely to be due 

to collision-induced direct contact between droplets (Roger et al., 2015).  

In a previous study of the oil exchange between milk protein stabilised emulsions, 

McClements et al. (1993) reported that the pathway of oil exchange was the solubilisation and 

transportation by milk protein molecules (whey protein or sodium caseinate), which is a 

process of reversible binding of hydrocarbons to protein molecules (either at a specific binding 

site or by incorporation into micelles), and their subsequent transport between separating 

droplets through the aqueous phase (McClements et al., 1993a). Our previous study on the 
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dynamic interfacial tension at the d-toluene-water interface also found that when casein was in 

the sodium caseinate state, there was an exchange of casein molecules between the interface 

and the aqueous phase (Dickinson, 1992a; Dickinson et al., 1988b); however, when casein was 

cross-linked by calcium ions, the protein exchange between the interface and the aqueous phase 

was largely reduced (Cheng et al., 2022). Thus, in emulsions stabilised with a thin layer of 

protein molecules, oil exchange may occur through protein solubilisation in the presence of 

excess milk protein in the aqueous phase. However, the exchange of Ca-CAS between the 

interface and the aqueous phase was found to be limited (Cheng et al., 2022b; Hunt et al., 1993). 

In the present case of emulsions stabilised with Ca-CAS particles, the solubilisation and 

transport by Ca-CAS particles was less likely responsible for the oil-exchange. In the same 

previous study by McClements et al. (1993), they also observed that when the effect of milk 

protein solubilisation was eliminated by the addition of 2.5 wt% NaCl to form emulsions, oil 

exchange between droplets was still observed (McClements et al., 1993a). This indicated that 

oil-molecules can cross the interfacial protein film between two adjacent droplets and this could 

be the pathway for the observed oil-exchange.  

Roger et al. (2005) suggested that primary pathway for oil exchange between droplets was 

the local synchronous thinning of the interfacial film upon direct contact of droplet collisions, 

allowing oil molecule to pass through the layer. They had shown that the droplet coarsening 

rate was slowed down by inducing long-range repulsions and preventing droplet-contact, which 

suggested that the exchange mechanism is inconsistent with the Ostwald ripening. They also 

found that the oil exchange process between C16H34 and C16D34 had been completed before 

droplet size change at an applied high mixing entropy, which confirmed that the oil exchange 

between droplets was through the direct contact upon droplet collisions. In addition, by varying 

the chain length of either hydrophilic head (C12E5-7) or hydrophobic chain (C12-16E6) of the 
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surfactant (CiEj), they found the growth rate of the droplets changed symmetrically with overall 

chain length of the surfactant. This growth rate was only consistent with the transport rate by 

the pathway of interfacial layer local thinning which was affected by the increasing both the 

hydrophobic and the hydrophilic chain length. For the pathway of permeation, the transport 

rate was determined by only the thickness of hydrophilic layer, and for the pathway of transient 

hole at the interfacial layer, the transport was weakly affected by the chain length of the 

surfactant. In the current sample, given the droplet collisions arising from the sample cell 

tumbling and Brownian motion of primary emulsion, the pathway of droplet direct contact 

could be responsible for oil molecule exchange between the droplets. Upon contact between 

two droplets, the chemical potential and the Laplace pressure in different droplet drive the oil 

molecule across the local thinning layer. The longer equilibrium process of oil exchange in 

emulsions stabilised by Ca-CAS particles than that in emulsions stabilised by surfactants (Lee 

& Pozzo, 2019) could be explained by the less local fluctuation of the adsorbed Ca-CAS 

particles due to their large particle size. However, a better comparison of the exchange rate in 

emulsion stabilised by different type of emulsifiers needs a control of the oil composition. This 

aspect requires further studies. 

The pathway of interfacial layer local thinning is also relevant to our experimental results 

in DSE system that the oil exchange equilibrated immediately after preparation. In the DSE 

system, the primary droplets were in contact with the second oil under high-speed mixing. The 

protein layer at the primary droplet interface was very likely to experience vigorous interfacial 

fluctuations and local thinning during shearing as vigorous shear could accelerate the molecule 

movement (Frank & Evans, 1945). After shearing, the different oils reach a complete mixed 

state at different length scale of droplets, as supported by the experimental results of the equal 

scattering contrast match point obtained from different Q-vector in DSE Figure 5-2c. 
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Therefore, the high mixing entropy during homogenisation, in fact, facilitate the oil transport 

across the protein layer. In addition, this vigorous mixing also increased the contact between 

the d-toluene and air leading to an evaporation of d-toluene. As shown in Figure 5-5, the 

experimental contrast matching point of DSE corresponds to 7.6 % d-toluene in the system, 

which was less than the initial added 10 % d-toluene. The loss of the d-toluene probably be the 

consequence of the evaporation of d-toluene during homogenisation process.  
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Figure 5-5: Theoretical calculated corresponding D2O volume concentration (%) used for 

contrast matching of DSE is plotted as a function of varying the volume concentration d-

toluene (%) in DSE. The maximum volume concentration d-toluene (%) in DSE is the volume 

of d-toluene added into the emulsion prior to homogenisation. The horizonal red line indicates 

the experimentally determined contrast matching point of DSE after homogenisation, and the 

vertical blue line indicates the calculated volume concentration d-toluene (%) in DSE after 

homogenisation. 
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After the homogenisation process was completed, the fluctuation of protein films between 

the adsorbed primary droplet and the core droplets could be reduced as assuming the protein 

film was entrapped within the hieratical DSE structure. Additionally, the chemical gradients 

arising from the oil composition were removed as either the primary droplet adsorbed at the 

interface or the core droplet of DSE containing the fully mixed oils. Therefore, the DSE 

structure destabilisation (the primary droplet coalescence into the core droplet) derived from 

the different Laplace pressure between adsorbed primary droplet and the core droplet will be 

expected to be a slow process.   

5.4 Conclusions  

In this study, we demonstrated that the time-resolved contrast variation USANS and SANS 

are powerful non-invasive tools in charactering the droplet structure and monitoring the oil 

transfer between droplets. The homogenisation process in preparing the droplet-stabilised 

emulsion induced a rapid oil transfer/exchange between droplets, resulting in a homogenous 

mixed oil distributed at different length scale in the hieratical emulsion. In an emulsion by 

simply mixing the droplet and large size droplet without external vigorous agitation, the 

collision between droplets was responsible for the oil transfer between droplets through 

inducing local synchronous interfacial thinning upon droplet contact. The oil transfer direction 

and rate were affected by the oil molecule chain-length, the shorter chain-length the faster 

transfer, resulting in the change of the droplet size distribution over time. In comparison to 

emulsion containing short-chain length oil stabilised by surfactant (Lee & Pozzo, 2019; Roger 

et al., 2015), the calcium-cross-linked casein particles appeared to slow down the oil exchange 

process. It will be interesting to extend this research to other emulsions stabilized by rigid 

particles or emulsions containing viscous oils, where oil mixing induced by the vigorous 

shearing during homogenisation and droplet collision may be hindered. This knowledge will 
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bring an array of new possibilities for different needs, such as the emulsions being used as 

delivery systems, the location of active compound in a hieratical emulsion can be controlled 

by stopping or improving the transfer.  
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Chapter 6 Modification of the interfacial structure of droplet-

stabilised emulsions during in vitro dynamic gastric digestion: 

impact on in vitro intestinal lipid digestion 

Graphic abstract 

 

Abstract 

The in-vitro digestion behaviour of an oil-in-water emulsion with an interface consisting of 

nano-sized droplets coated with caseinate particles, referred to as a droplet-stabilised emulsion 

(DSE), was explored using the Human Gastric Simulator. A caseinate-particle-stabilised 

emulsion (PSE) was used as a control, with a similar droplet size distribution and the same 

composition as the DSE. The nanodroplet-stabilised interface of the DSE was preserved during 

the first 180 min of gastric digestion. During 240 min, the droplet sizes of the DSE and the PSE 

increased from 22.71 ± 1.14 to 63.34 ± 6.57 μm and from 17.98 ± 1.16 to 85.11 ± 9.35 μm 

respectively. The small droplet size of the DSE that was released from the gastric phase 
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contributed to slightly higher total free fatty acid (FFA) release (56.18 ± 3.55%) than that from 

the PSE (49.4 ± 2.67%). The FFA release rate of the DSE (1.21% min‒1) was greater than that 

of the PSE (1.06% min‒1) during the first 30 min of small intestinal digestion; similar FFA 

release rates (0.5 µmol s‒1 m‒2 x 10‒4) were obtained for both emulsions beyond 30 min of 

digestion. This study provides new information on lipid digestion using a novel interfacial layer 

that was stabilised with nanodroplets.  

6.1 Introduction 

Lipids are an essential nutrient in the human diet as they are a source of energy and help to 

improve the lubricity, palatability and taste of food; however, excessive lipid intake is 

associated with an increased risk of certain chronic diseases, such as obesity, heart disease and 

hypertension (Blundell & Macdiarmid, 1997; Daniels & Greer, 2008). For people with 

digestive disorders, who have difficulty obtaining adequate calories or essential fat-soluble 

nutrients, e.g. vitamins A, D, E and K, ω-3 fatty acids, carotenoids and phytosterols, better lipid 

digestion and absorption from the diet are needed (Bauer et al., 2005; Favé et al., 2004; 

McClements et al., 2007; Pafumi et al., 2002). In contrast, in some cases, e.g. humans who are 

at risk of cardiovascular disease, it is necessary to decrease the absorption of specific food 

lipids (Bauer et al., 2005; Favé et al., 2004).  

In most processed foods, such as coffee whiteners, whipped toppings, soups, dressings, 

liquid nutritional products and medical foods, lipids are present in the form of emulsions. There 

has been considerable research on lipid digestion in emulsion systems. The digestibility of 

lipids has been found to be affected by several factors, including the type of emulsifier, the size 

of the lipid droplets and the type and structure of the triacylglycerols. The droplet size and the 

nature of the droplet interfacial layer have been highlighted in the control of lipid digestion 

(Golding & Wooster, 2010; McClements et al., 2009; Mun et al., 2007; Salvia-Trujillo et al., 
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2013; Singh et al., 2009). It has been reported that the amount of free fatty acids (FFAs) 

released per unit of time is inversely related to the mean oil droplet diameter, which is attributed 

to the larger surface area available to lipid digestion in smaller sized emulsions droplets (Borel 

et al., 1994; McClements & Li, 2010b; Salvia-Trujillo et al., 2013). However, this influence of 

droplet size can be altered by the nature of the emulsifier and its structure at the oil-water 

interface. A faster rate of FFA release was obtained for conventional emulsions (200 nm droplet 

diameter size) than for a nanoemulsion (60 nm droplet diameter size) stabilised by β-

lactoglobulin; this was attributed to the compact structure of the β-lactoglobulin layer at the 

nanodroplet interface after emulsion preparation by solvent evaporation (McClements & Li, 

2010b). This study emphasises the importance of the structure of the interfacial layer in 

controlling the digestion of lipids in emulsion systems.  

The design of novel interfaces to enhance the functionalities of emulsions, including 

digestion and the delivery of lipophilic compounds, is a challenge. More and more interfacial 

structures are being developed using Pickering emulsion technologies, such as emulsions 

stabilised with protein particles (soy protein nanoparticles, nanocrystals, modified starch, whey 

protein microgels etc.), rather than traditional inorganic or synthetic particles (Lin et al., 2018; 

Murray & Phisarnchananan, 2016; Sarkar et al., 2016a; Zhao et al., 2021a), for example, 

multilayer interfaces made of a mixture of proteins and polysaccharides (Wei et al., 2021) or 

protein-polysaccharide (Ding et al., 2021; Guzey & McClements, 2006; Mun et al., 2005; 

Wang et al., 2020b) and soft nanodroplet-stabilised emulsions (Chen et al., 2017; Cheng et al., 

2019; Okubanjo et al., 2019, 2021; Ye et al., 2013b). Based on the in vitro digestion 

investigation, some structured interfaces have reduced the rate and extent of lipolysis in the 

intestinal tract (Ding et al., 2021; Guzey & McClements, 2006; Mun et al., 2005; Wang et al., 

2020b; Wei et al., 2021). For example, recent work on Pickering emulsions showed that the 
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interfacial layers of emulsions that were stabilised by enzymatically modified soy protein 

particles (Zhao et al., 2021a) or whey protein microgels (Sarkar et al., 2016a) reduced the 

degree of lipolysis during in vitro small intestinal digestion because the protein-particle-laden 

interface resisted the displacement of bile salts. The bioavailability of lipids from multilayer 

emulsions is decreased because the thick and impermeable interfacial layer of biopolymers 

(proteins and polysaccharides) is resistant to enzymatic degradation (Mun et al., 2007; Wei et 

al., 2021). However, the effect of a droplet-stabilised emulsion with a structured interface on 

the droplet stability and the lipid digestion during gastrointestinal digestion of the emulsion has 

not yet been investigated. The thick nanodroplet interface may improve the lipid digestion in 

the intestinal tract by reducing the coalescence of emulsion droplets during gastric digestion 

and transporting enzymatically degradable and small-sized emulsion droplets for intestinal 

digestion. 

The present study investigated the structural stability of a droplet-stabilised emulsion (DSE) 

during gastric digestion and the kinetics of FFA release during intestinal digestion. The 

dynamic human gastric simulator (HGS) model was used for gastric digestion, and a pH-stat 

model was used for intestinal digestion. A protein-stabilised conventional emulsion (PSE) with 

a similar droplet size distribution to the DSE was used as a control.  

6.2 Materials and methods 

6.2.1 Materials  

Sodium caseinate (#A180: 92.7 wt% protein, 4.3 wt% moisture, 0.7 wt% fat and 0.2 wt% 

carbohydrates) was purchased from Fonterra Co-operative Group Ltd., Auckland, New 

Zealand. Soybean oil was purchased from Davis Trading Company, Palmerston North, New 

Zealand. Pepsin from porcine gastric mucosa (#P7000: 625 U mg solid‒1), pancreatin from 

porcine pancreas (#P7545: 8 × UPS, trypsin of 5 U mg‒1 and lipase of 150 U mg solid‒1) and 
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bile extract porcine (#B8631) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Milli-Q water (Millipore Corp., Bedford, MA, USA) was used in all experiments. All 

chemicals used in this study were of analytical grade and were purchased from Sigma Chemical 

Co. (St. Louis, MO, USA) or BDH Chemicals (BDH Ltd., Poole, England) unless otherwise 

specified.  

The electrolytes of the simulated gastric fluid (SGF) and the simulated intestinal fluid (SIF) 

are listed in SM Table 1; they were prepared according to the formulation described by 

Brodkorb et al. (Brodkorb et al., 2019), with a slight modification. This study used the pH-stat 

approach with a not-fully-sealed vessel to simulate the small intestinal digestion. Carbon 

dioxide (CO2) will release from sodium bicarbonate (NaHCO3) and the pH will progressively 

increase with time. Hence, NaHCO3 in the SIF was replaced with NaCl at the same molar ratio 

to maintain the ionic strength of the SIF. In addition, CaCl2 was added just before use. The 

stock simulated electrolyte fluids at a concentration of 1.25 times (1.25×) were prepared by 

diluting the stock salt solutions with Milli-Q water and 6 M HCl/NaOH. The pHs of the stock 

SGF (1.25×) and the stock SIF (1.25×) was set to 2.0 and 7.0 respectively. The stock simulated 

electrolyte fluids (1.25×) were stored at 4 °C, warmed to room temperature in a 37 °C water 

bath before use and used within 1 month after preparation. Before use, the stock simulated 

electrolyte fluids (1.25 × ) were mixed with enzyme dispersions, resulting in a 1.0 × 

concentration of the working digestion fluid. The formulations of the enzyme dispersions are 

given in Sections 2.2.3 and 2.2.6 for digestion in the stomach and digestion in the small 

intestine, respectively. 

6.2.2 Preparation of calcium caseinate (Ca-CAS) particles 

Sodium caseinate dispersion was prepared by dissolving sodium caseinate powder in Milli-

Q water (18.2 MΩ cm) at 50 °C and stirring for 2 h, followed by overnight storage at room 
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temperature to ensure complete hydration. Ca-CAS particles containing 3 wt% protein and 20 

mM CaCl2 were prepared by adding an appropriate amount of stock CaCl2 solution (1 M) 

dropwise into the sodium caseinate dispersion (3.1 wt% protein) under mild stirring. The 

calcium‒casein reaction was equilibrated for 30 min under mild stirring. The pH of the Ca-

CAS dispersions was adjusted to 7.00 ± 0.02 by 2 M NaOH. Following mixing for 1 h, the 

dispersions were stored at room temperature overnight to ensure complete equilibration. 

Ca-CAS dispersions containing lower protein content were obtained by diluting Ca-CAS 

dispersions containing 3 wt% protein and 20 mM CaCl2 with Milli-Q water; they were used to 

prepare the conventional PSEs with small droplet size and large droplet size.   

6.2.3 Emulsion preparation 

6.2.3.1 DSE preparation 

Ca-CAS particle dispersion (3.00 wt% protein, 20.00 mM CaCl2, pH 7.0) was mixed with 

soybean oil to give 20 wt% soybean oil in the primary emulsion. Mixtures were pre-

homogenised using a handheld Ultra-Turrax (IKA T10 basic, Staufen, Germany) at 30,000 rev 

min‒1 for 30 s, followed by a two-stage homogenisation (Homolab 2, FBF Italia, Italy) at 

pressures of 47 MPa (first stage)/5 MPa (second stage) with six passes, resulting in a primary 

emulsion with small size. The outlet temperature was controlled at about 32 °C by using an ice 

bath to avoid the heating from the high-pressure homogenisation. Subsequently, the primary 

emulsion was diluted 6.25 times with Milli-Q water, and the pH was adjusted to 5.6 with 2 M 

HCl under mild magnetic stirring. The diluted primary emulsion contained 0.38 wt% protein, 

2.56 mM CaCl2 and 3.20 wt% soybean oil. 

The diluted primary emulsion was used as the aqueous phase to mix with the second oil 

phase (soybean oil) in a weight ratio of 80:20 to produce the DSE, giving 0.31 wt% protein, 
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2.05 mM CaCl2 and 22.56 wt% soybean oil in the final DSE. Homogenisation of the DSE was 

performed using a handheld Ultra-Turrax (IKA T10 basic, Staufen, Germany) at 30,000 rev 

min‒1 for 5 min. Sodium azide was added at a final concentration of 0.02 wt% as a preservative.  

6.2.3.2 Conventional PSE preparations 

Conventional PSEs with small and large droplet sizes were prepared separately and were 

then mixed to obtain a droplet size distribution similar to that of the DSE. 

The large PSE was prepared by homogenising an appropriate amount of soybean oil with 

Ca-CAS dispersion of 0.34 wt% protein and 2.28 mM CaCl2 at pH 7.0 using an Ultra-Turrax 

(IKA T10 basic, Staufen, Germany) at 30,000 rev min‒1 for 5 min. The final large PSE 

contained 0.20 wt% protein, 1.37 mM CaCl2 and 40.00 wt% soybean oil.  

The small PSE was prepared by homogenising an appropriate amount of soybean oil with 

Ca-CAS dispersion of 2.00 wt% protein and 13.33 mM CaCl2 at pH 7.0 using a two-stage 

homogenisation (Homolab 2, FBF Italia, Italy) at pressures of 47 MPa (first stage)/5 MPa 

(second stage) with six passes, giving 20.00 wt% soybean oil in the small PSE. Before passing 

through the two-stage homogeniser, the soybean oil and the Ca-CAS dispersion were pre-

homogenised using a handheld Ultra-Turrax (IKA T10 basic, Staufen, Germany) at 30,000 rev 

min‒1 for 30 s. Subsequently, the small PSE was diluted 3.91 times with Milli-Q water, and the 

pH was adjusted to 5.6 with 2 M HCl under mild magnetic stirring. The diluted small PSE 

contained 0.41 wt% protein, 2.73 mM CaCl2 and 5.12 wt% soybean oil. 

The large and small PSEs were mixed at a volume ratio of 1:1. The final mixed PSE 

contained 0.31 wt% protein, 2.05 mM CaCl2 and 22.56 wt% soybean oil, the same composition 

as the DSE. Sodium azide was added at a final concentration of 0.02 wt% as a preservative.  
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6.2.4 Dynamic in vitro gastric digestion 

A dynamic HGS, designed by (Kong & Singh, 2010), was used for in vitro gastric digestion. 

The digestion procedure was based on the method described previously by (Ye et al., 2016) 

with some modifications. In brief, a 200 g sample was prewarmed in a water bath at 37 °C and 

fed into the HGS for 4 h of digestion by mixing with SGF and pepsin solution (Figure S 6-1). 

A 4× concentrated enzyme dispersion containing pepsin (10000 U mL‒1) and CaCl2 (0.75 mM) 

was prepared using Milli-Q water. The stock SGF (1.25×) and the enzyme solution were added 

in separately using two pumps during the simulated gastric digestion; the injection rates were 

2 mL min‒1 for the stock SGF and 0.5 mL min‒1 for the enzyme dispersion, resulting in a final 

1.0× concentrated electrolyte (as shown in SM Table 1) with 2000 U mL‒1 of pepsin and a 0.15 

mM CaCl2 working digestive fluid. The temperature of the HGS was set and maintained at 

37 °C by a heater during digestion. The gastric contraction frequency was 3 times min‒1, to 

simulate stomach contractions (Marciani et al., 2001). 

For further analyses, digesta were collected from the bottom of the HGS (SM Fig. 1) at 20 

min intervals during 4 hours of gastric digestion for mimicking the human gastric emptying 

from the gastric compartment to the small intestine compartment. At each time point, 66 mL 

of digesta was removed from the bottom of the stomach chamber, equalling a gastric emptying 

rate of 3.3 mL min‒1. The remaining sample in the simulative gastric chamber was defined as 

gastric chyme. Gastric digestion experiments of 5 min, 20 min, 1 h, 2 h and 3 h were performed 

to collect gastric chyme for further analyses. At the set time points, gastric digestion was 

stopped, and gastric chyme was collected from the bottom of the HGS after taking out the 

gastric digesta. For the 5 min gastric digestion, 16.5 mL of gastric digesta (= 5 min x emptying 

rate) was collected firstly; the remaining sample was fully emptied from the bottom of HGS 

subsequently as the gastric chyme. In the other short-duration experiments (≥ 20 min), gastric 
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digesta was removed every 20 min with a volume of 66 mL; the remained sample at the given 

time points was the gastric chyme and being fully emptied from the bottom of HGS.  

Immediately after emptying from the HGS, the pH of the emptied gastric digesta was 

adjusted to 7.0 using 2 M NaOH to inhibit pepsin activity, followed by storage of part of the 

sample in an ice bath and the remaining part in a –80 °C freezer for short-term and long-term 

storage, respectively. 

6.2.5 pH measurement  

The initial pH in the HGS refers to the pH of the freshly prepared emulsions. As access into 

the HGS was prevented by the simulated gastric contraction (roller movement), the pH in the 

HGS at different times was assumed to be that of the emptied digesta. 

6.2.6 Measurement of oil content  

Emptied digesta samples were collected at selected time points during gastric digestion to 

determine their crude oil content. The gastric digestion was terminated by increasing the pH to 

above 7.0 using 1 M NaOH. The total oil contents of the initial emulsion and the emptied 

digesta were measured using the Mojonnier ether extraction method, as prescribed for dairy 

products (AACC 30–10) and as previously described by Wang et al. (Wang et al., 2019). The 

oil content was reported as grams of oil per 100 millilitres of digesta. 

6.2.7 In vitro intestinal digestion  

Portions (5 mL) of each gastric digesta sample (pH 7.0) collected at each 20 min interval 

(total of 12 time points) were mixed well, and 50 mL of the gastric digesta mixture was used 

for the subsequent in vitro small intestinal digestion. Small intestinal digestive fluid, consisting 

of four parts of 1.25× concentrated SIF (SM Table 1) and one part of bile extract solution 

containing pancreatin and CaCl2, was added to this 50 mL of gastric digestion mixture at a 
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volume ratio of 1:1. The concentrations of bile extract, pancreatin and CaCl2 in the total digesta 

were 12.5 mg mL‒1 (30.6 mM), 100 U mL‒1 of trypsin activity (including ~ 3000 U mL‒1 of 

lipase activity) and 0.3 mM, respectively. The small intestinal digestion was conducted for 2 h 

at pH 7.00 and 37 °C using a pH-stat (TitraLab 856; Radiometer Analytical, Villeurbanne, 

France) according to the method described in Wang et al. (Wang et al., 2019). The volume of 

0.05 M NaOH used to neutralise the FFAs released during the lipid hydrolysis was recorded.  

6.2.8 Static light scattering  

Static light scattering (MasterSizer Hydro 2000, Malvern Instruments Ltd, Malvern, 

Worcestershire, UK) was used to determine the average diameters of the emulsion droplets. 

The refractive indices of the aqueous phase and the dispersion phase (soybean oil) were set to 

1.33 and 1.47 respectively. Measurements were performed at room temperature and were 

repeated three times for each sample. Average droplet sizes were reported as the Sauter mean 

diameters (d32) and as the De Broukere mean diameters (d4,3).  

6.2.9 Confocal laser scanning microscopy (CLSM) 

The microstructures of the samples and the gastric and intestinal digesta were examined 

using a confocal microscope (Leica, Heidelberg, Germany) equipped with a 40× oil immersion 

lens. The samples for microscopic examination were not pre-treated (i.e., heating or pH 

adjustment); they were placed into an ice bath to minimise the enzymatic action temporarily 

before analysis. The imaging was completed within 5 min after the sample removed from the 

ice bath. The fluorescent dyes Nile Red and Fast Green were dissolved in acetone (1 mg mL‒

1) and Milli-Q water (10 mg mL‒1) respectively. Aliquots of 3 μL of Nile Red and 3 μL of Fast 

Green were added to 50 μL of digesta. Then, 44 μL of 5 wt% agarose solution was mixed with 

the digesta at a final 1:1 (v/v) ratio for sample fixing. Nile Red was excited by an argon laser 

at 488 nm and the emitted fluorescence between 494 and 605 nm was measured. Fast Green 
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was excited by a helium-neon laser at 633 nm and the emission between 638 and 750 nm was 

measured. To enhance image quality, sequential scanning was used. Images were captured with 

LAS AF software (version 2.7.3.9723) at room temperature. They were analysed using ImageJ 

software (ImageJ, National Institutes of Health, Bethesda, MD, USA). 

6.2.10 Kinetics of lipolysis 

The percentage of FFAs released per gram of oil from the small intestinal digesta mixture 

was calculated according to equation (6-1): 

 
𝑡𝑜𝑡𝑎𝑙 𝐹𝐹𝐴𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (%) =  

𝑉𝑁𝑎𝑂𝐻(𝑡) × 𝐶𝑁𝑎𝑂𝐻  × 𝑚𝑤 𝑙𝑖𝑝𝑖𝑑

2𝑚𝑙𝑖𝑝𝑖𝑑
 × 100 (6-1) 

where 𝑉𝑁𝑎𝑂𝐻(𝑡) is the volume of NaOH added into the reaction mixture at digestion time t, 

𝐶𝑁𝑎𝑂𝐻 is the molar concentration of the NaOH solution (0.05 M) used, 𝑚𝑤 𝑙𝑖𝑝𝑖𝑑 is the average 

molecular weight of the lipid (881 g mol‒1) and 𝑚𝑙𝑖𝑝𝑖𝑑 is the total mass of oil in the reaction 

mixture. The volume of NaOH titrated into the small intestinal digestive fluid without sample 

was subtracted as a background. 

The kinetic parameters for the initial FFA release were calculated using equations (6-2) and 

(6-3) (Ye et al., 2013a): 

 𝜑(𝑡) =  𝜑𝑀𝑎𝑥 (1 − exp(−𝑘1 𝑡)) (6-2) 

where t is the intestinal digestion time (min), 𝜑𝑀𝑎𝑥 is the maximum total FFA level (%) and 

𝑘1 (s‒1) is the first-order rate constant of FFA release (%FFA min‒1), which can be calculated 

as 

 𝑘1 = 6𝑀𝑤𝑘/(𝑑0𝜌0) (6-3) 

where 𝑀𝑤 is the molecular weight of lipid, 𝑑0 is the initial average diameter of the emulsion 

(d4,3), 𝜌0 is the density of the lipid and 𝑘 (mol s‒1 m‒2) is the lipid conversion rate per unit area 
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of the droplet surface, occurring at maximum lipase surface coverage Γ𝑀𝑎𝑥  (typically 

2.66 × 10−7 mol m−2) (Pignol et al., 2000).  

Equations (6-2) and (6-3) were used as mathematical models to give the best fits to the 

experimental data.  

6.2.11 Statistical analysis  

Each experiment was performed at least three times using freshly prepared samples. The 

results are reported as the calculated means and standard deviations. A one-way analysis and 

independent sample T-test of variance were used to compare samples in the SPSS 19.0 package 

(IBM, Armonk, NY, USA). The significant difference was at a P-level of 0.05.   
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6.3 Results and discussion 

6.3.1 Size and microstructure of emulsions before digestion 

The droplet size and the microstructure of the DSE and the PSE before digestion were 

characterised by static light scattering and CLSM, respectively, as shown in Figure 6-1. Figure 

6-1A shows the size distributions of emulsions including the small-sized emulsion, the large 

emulsion (for PSE only) and the final DSE and PSE. The individual droplet size distribution 

was obtained by mixing emulsions with 2 wt% sodium dodecyl sulphate (SDS) solution at 

volume ratio of 1:4 before the static light scattering measurements. It has been suggested that 

SDS is capable of disrupting hydrophobic interactions and displacing protein 

molecules/protein-coated droplets from the oil‒water interface (Cheng et al., 2019; Dickinson 

& Ritzoulis, 2000; Mackie et al., 2000). Due to insufficient signal of protein particles with SDS 

addition during static light scattering measurement, the independent size of protein particles 

with SDS was not available.  

As shown in Figure 6-1A, the droplet size of the small-sized emulsion was between ~0.03–

5 µm, and the large-sized emulsion was at ~ 20 µm. As expected, the bimodal size distribution 

of PSE had two prominent peaks, which corresponded to the independent droplet distribution 

of the small- and large-sized emulsions. The droplet size distribution of PSE overlapped with 

the one with SDS, suggesting that all droplets dispersed separately in PSE without flocculation 

or aggregation.  

Bimodal size distribution of DSE with two prominent peaks was also observed, 

corresponding to the size distributions of nanoemulsion and the core droplets (Figure 6-1A). 

The peak area of nano-sized droplets in DSE with the absence of SDS is small, probably 

attributed to the adsorption of most nanodroplets at the interfaces of the core droplets. The peak 

area of the nano-sized droplets in the DSE increased in the presence of SDS compared with in 
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its absence (Figure 6-1A). In the presence of SDS, the droplet size distributions of the DSE 

and the PSE largely overlapped, and the average sizes (d4,3) were almost identical: 16.91 ± 1.39 

and 17.01 ± 1.03 µm for the DSE and the PSE respectively. These results confirm that the small 

droplets adsorbed at the interface stabilised the large (core) droplets in the DSE, whereas the 

large and small droplets in the PSE dispersed separately. 

The morphologies of the droplets in the DSE and the PSE were observed using CLSM. The 

confocal images (Figure 6-1A and 1C) clearly show that nanodroplets stabilised the large oil 

droplets in the DSE as a thick dense layer; this was different from the conventional emulsion 

stabilised by a thin layer of protein particles (PSE). In the PSE, no nano-sized droplets had 

adsorbed at the interface of the large oil droplets; they were well dispersed in the aqueous phase. 

The weak signal of oil (in red) from the nano-sized droplets in PSE is attributed to the  

Thus, the DSE and the PSE had similar droplet size distributions but different interfacial 

structures, which meant that the effect of the interfacial structure on the stability of the emulsion 

and lipid degradation during in vitro digestion could be investigated.  
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 DSE PSE 
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B 

  

C 

  

Figure 6-1: (A) The representative particle size distribution of Ca2+ cross-linked caseinate 

particles (protein particles, ) were measured by static light scattering and droplet size 

distributions of different emulsions before gastric digestion: the protein particle-stabilised 

small-sized emulsion (Small emulsion, ), protein particle-stabilised large-sized emulsion 
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(Large emulsion, ), small droplet-stabilised emulsion (DSE, ) and the protein-stabilised 

emulsion containing small- and large-sized emulsion (PSE, ). The solid symbols represent the 

emulsion in the absence of sodium dodecyl sulphate (SDS), and the open symbols represent 

the emulsion in the presence of SDS. Confocal images of (B) 40×-magnification and (C) high-

magnification of the DSE (left row) and the PSE (right row); red colour represents the oils and 

green colour represents the proteins. The scale bar is 20 µm.  
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6.3.2 In vitro gastric digestion of emulsions 

6.3.2.1 Change in droplet size of emulsions during in vitro gastric digestion 

The average sizes (d4,3) of the gastric digesta and the gastric chyme (sample remaining in 

the stomach) obtained from the DSE and the PSE during gastric digestion were measured using 

static light scattering in the absence and the presence of SDS (Figure 6-2). In general, the d4,3 

values of the gastric digesta (Figure 6-2A) and the gastric chyme (Figure 6-2B) increased with 

increasing digestion time.  

As shown in Figure 6-2A, except for the first 5 min and at 240 min of gastric digestion, the 

droplet sizes of the gastric digesta in the absence and the presence of SDS were similar in the 

DSE and the PSE at a given time during the gastric digestion. At 5 min of gastric digestion, the 

droplet size of the gastric digesta from the DSE was 31.04 ± 2.58 μm, much smaller than that 

from the PSE at 84.34 ± 1.14 μm. In the presence of SDS in the gastric digesta at 5 min of 

digestion, the d4,3 values decreased to 17.53 ± 2.74 and 20.52 ± 3.25 μm for the DSE and the 

PSE respectively, i.e., similar to the sizes of the emulsion droplets in the DSE and the PSE 

before gastric digestion. This indicated that the large droplet size of the gastric digesta after 5 

min of digestion was due to droplet flocculation, with the PSE showing more extensive droplet 

flocculation than the DSE. At 240 min of gastric digestion, the droplet sizes of both the DSE 

and the PSE were significantly higher than before gastric digestion (P < 0.05), increasing from 

22.71 ± 1.14 to 63.34 ± 6.57 μm for the DSE and from 17.98 ± 1.16 to 85.11 ± 9.35 μm for the 

PSE. The PSE had a greater increase in droplet size than the DSE because of droplet 

flocculation and droplet coalescence during gastric digestion. In the presence of SDS, the 

droplet size of the PSE decreased slightly to 71.32 ± 17.78 μm, whereas that the DSE remained 

constant (62.82 ± 4.99 μm). The slight decrease in the size of PSE at 240 min of gastric 
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digestion with SDS addition could be the due to the dissociation of the flocculated droplets by 

SDS. 

As shown in Figure 6-2B, the differences in the droplet sizes between the DSE and the PSE 

during gastric digestion (20–180 min) were more pronounced in the gastric chyme than in the 

gastric digesta. The droplet size of the gastric chyme of the PSE, with and without the presence 

of SDS, was larger than that of the DSE at a given digestion time, suggesting that PSE droplets 

tended to flocculate and coalesce more than DSE droplets during gastric digestion. For example, 

at 20 min, the droplet sizes of the gastric chyme in the absence of SDS were 45.11 ± 10.03 and 

108.59 ± 18.04 μm for the DSE and the PSE respectively; in the presence of SDS, these droplet 

sizes decreased to 22.71 ± 3.83 and 31.03 ± 4.86 μm for the DSE and the PSE respectively. 

However, these droplet sizes in the presence of SDS were larger than those before gastric 

digestion ( 17 µm), suggesting that droplet coalescence occurred in both emulsions after 20 

min of gastric digestion and that the PSE had a greater extent of droplet flocculation and 

coalescence than the DSE. After 180 min of gastric digestion, the droplet sizes of the DSE in 

the presence and absence of SDS were similar, indicating that the increase in droplet size was 

mainly due to droplet coalescence. In contrast, the increase in droplet size in the PSE after 180 

min of gastric digestion was caused by both droplet flocculation and droplet coalescence. 

Overall, this result suggested that the DSE was more stable than the PSE against droplet 

flocculation and droplet coalescence during gastric digestion. 
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A Gastric digesta B Gastric chyme 

  

Figure 6-2: Droplet size (d4,3) of (A) the gastric digesta and (B) the gastric chyme of the 

droplet-stabilised emulsion (DSE, ) and the protein-stabilised emulsion (PSE, ). The solid 

symbols represent the samples in the absence of sodium dodecyl sulphate (SDS) and the open 

symbols represent the samples in the presence of SDS. Error bars represent standard deviations 

from triplicates. 
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6.3.2.2 Morphology of emulsions during gastric digestion 

CLSM was used to observe the morphologies of the gastric digesta and the gastric chyme 

of the DSE and the PSE, as shown in Figure 6-3. At 5 min of gastric digestion, the droplet size 

and the interfacial structure in the gastric digesta and the gastric chyme of the DSE were 

retained without a significant size increase. At longer gastric digestion times, fewer droplets 

were found in the gastric digesta than in the gastric chyme, which was the result of droplet 

creaming due to the large initial droplet size and droplet flocculation during gastric digestion. 

With an increase in the digestion time, the interfacial layer (the adsorbed nanodroplets) in the 

gastric digesta of the DSE gradually disintegrated and became thinner. However, the 

nanodroplet-stabilised interface remained relatively intact until 180 min of gastric digestion. In 

the gastric chyme of the DSE, clusters of droplets formed by flocculation between DSE droplets 

were observed. At a given gastric digestion time, the interfacial layer of the DSE droplets was 

thicker in the gastric chyme than in the gastric digesta, although there was also a gradual 

disintegration of the interfacial layer in the gastric chyme. At 240 min of gastric digestion, most 

droplets were surrounded by a thin layer of protein or peptides, and their size increased because 

of droplet coalescence.  

In contrast, clusters of droplets and large individual droplets were found in both the gastric 

digesta and the gastric chyme of the PSE at 5 min of gastric digestion, although fewer droplets 

were present in the gastric digesta because of droplet creaming. The clusters of droplets were 

formed by the flocculation of small droplets or large droplets bridged by small droplets. Large 

droplets of approximately 100 µm in size were formed through droplet coalescence as the 

proteins at the droplet interfaces were hydrolysed by pepsin. With an increase in the digestion 

time, the droplet clusters gradually disintegrated because of protein hydrolysis and more large 

droplets were formed because of coalescence. At 240 min of gastric digestion, some droplets 
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had coalesced into lipid pools of a few hundred microns or larger in size. These changes in the 

droplet structure, as observed by CLSM, were consistent with the droplet size as measured by 

light scattering. The PSE droplets were more likely to flocculate and coalesce than the DSE 

droplets during gastric digestion. 

The droplet flocculation of milk-protein-coated emulsions during gastric digestion has been 

demonstrated widely as being the result of dynamic gastric acidification and protein hydrolysis 

(Singh et al., 2009; Wang et al., 2019; Ye et al., 2020). In the present study, the pH values of 

both emulsions decreased from 5.6 to 2.3 with increasing digestion time, passing the isoelectric 

point of casein (pI 4.6) at 5‒20 min of gastric digestion (Supplementary materials, Figure S 

6-2). When the pH decreases to the isoelectric point of casein, the negative charges of the 

caseins are neutralised, and thus there is a loss of electrostatic repulsion (Wang et al., 2019). 

Hydrolysis by pepsin has also been reported to decrease the electrostatic interaction by cleaving 

the peptides carrying positively charged residues from the proteins adsorbed at the droplet 

interfaces (Sarkar et al., 2009; Singh et al., 2009).  

Furthermore, the disappearance of nanodroplets at the DSE interface may be caused by 

gradual pepsin hydrolysis. A previous study on dynamic gastric digestion of emulsions 

suggested that the hydrolysis of adsorbed caseins by pepsin at the interface leads to the 

disintegration of the droplet flocs and the droplet coalescence (Wang et al., 2019). In the 

absence of a protein layer acting as a mechanical barrier, it is possible for droplets to coalesce 

or detach from each other. The resulting small peptides generally have less electrostatic 

repulsion and less steric barrier than intact proteins (Caessens et al., 1999; Li et al., 2012; Sarkar 

et al., 2009; van Aken et al., 2003). Therefore, coalescence of the droplets occurred in the 

emulsions when their adsorbed proteins were hydrolysed to small peptides.  
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As indicated above, the nature of the adsorbed layer will determine the stability behaviour 

of the emulsion droplets upon exposure to the low gastric pH and to hydrolysis by pepsin. The 

thick interfacial layer of the DSE, in the form of the small droplet network, may slow the 

hydrolytic action of pepsin on the adsorbed proteins. In the DSE, with the interfacial 

arrangement of the protein particles adsorbed onto the surfaces of both small droplet and core 

droplet, the effective binding site of the protein for pepsin could be somewhat restricted. In 

contrast, the interface made of casein particles in PSE is exposed to the aqueous phase, allowing 

fast pepsin binding and hydrolysis. In addition, most of the protein in the emulsion was brought 

to the surface layer of the core droplet by the adsorbed small droplets in the DSE, which 

contributed to a higher protein surface load. Bearing the assumption of a higher protein load at 

the interface of core droplets in the DSE, the hydrolysis of interfacial protein could be delayed, 

leading to the slower destabilisation of DSE. In summary, the difference in the interfacial 

structure, i.e., a small droplet interfacial layer versus a caseinate interfacial layer, resulted in 

different behaviours, i.e., flocculation and coalescence of the droplets during gastric digestion. 

However, the underlying mechanism of the improved stability of DSE under gastric conditions 

required further systematic investigations. 
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Time Droplet-stabilised emulsion  Protein-stabilised emulsion 

 Gastric digesta Gastric chyme  Gastric digesta Gastric chyme 

5 min 

  

 

  

20 min 

  

 

  

60 min 
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Figure 6-3: Confocal images of the gastric digesta and the gastric chyme of the droplet-

stabilised emulsion (DSE) and the protein-stabilised emulsion (PSE) after 5–240 min of gastric 

digestion. Red colour represents the oils and green colour represents the proteins. The scale bar 

is 20 µm.  
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6.3.2.3 Oil content of the emptied digesta 

The oil contents of the gastric digesta of the emulsions as a function of the digestion time 

are shown in Figure 6-4. They represent the amount of oil delivered to the small intestine at 

different times. In both emulsions, a small amount of oil was released in the early stages of 

gastric emptying, and larger amounts of oil were released in the latter stages. This can be 

attributed to the creaming of the emulsions, when large droplets migrated to the top layer in 

the gastric chamber. Thus, the aqueous phase consisting of the digestive fluid was emptied first. 

In the first 120 min of gastric digestion, the oil content released from the PSE was lower 

than that from the DSE at any given time point. At 60 min of gastric digestion, the oil released 

from both emulsions reached the lowest values (0.27 ± 0.06% w/w for the DSE and 0.06 ± 

0.01% w/w for the PSE). The lower amount of oil released from the PSE suggests that this 

emulsion was more prone to creaming and phase separation than the DSE during gastric 

digestion. This result is supported by the large droplet size and the extensive droplet 

flocculation/coalescence observed in the PSE during early-stage gastric digestion, as 

determined by light scattering and CLSM (Figure 6-2 and Figure 6-3). That is, the gastric 

chyme of the PSE contained less water and more oil droplets than that of the DSE. 

During the latter stages of gastric digestion, the PSE tended to release higher oil content 

than the DSE at the given time point. For example, at 180 min of gastric digestion, 

approximately 2.8 times more oil was released from the PSE than from the DSE (2.93 ± 0.19% 

w/w and 8.21 ± 0.34% w/w for the DSE and the PSE respectively). However, lower oil content 

in the PSE was found at 240 min, which was probably the consequence of the droplet 

destabilisation (droplet coalescence) (Figure 6-3). The large droplets (or free oil) on the top of 

cream layer could not be recovered at the final time point because they were attached to the 
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simulated gastric chamber wall. Thus, current results suggested that the oil release profile of 

the emulsions during gastric digestion was affected by the structure of the interfacial layer of 

the emulsion (nanodroplet interfacial layer versus caseinate interfacial layer). 
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Figure 6-4: Oil contents of the droplet-stabilised emulsion (DSE) and the protein-stabilised 

emulsion (PSE) before digestion (0 min) and of the gastric digesta at different digestion times 

(20–240 min). Error bars represent standard deviations from triplicates. 
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6.3.3 In vitro small intestinal digestion of emulsions 

6.3.3.1 Microstructure of emulsions during in vitro small intestinal digestion 

Immediately after the gastric digesta had been mixed with the small intestinal digestive fluid 

(0 min of small intestinal digestion), the droplet size distributions were measured by light 

scattering. As shown in Figure 6-5A, at the onset of the small intestinal digestion, both the 

DSE and the PSE were polydisperse and had two groups of droplets: one with small droplets 

distributed in the ~ 0.03–2 μm range and one with large droplets centred at ~ 30 and ~ 50 μm 

in the DSE and the PSE respectively. The smaller size of the large droplets and the greater 

proportion of small droplets in the DSE were due to less droplet coalescence after gastric 

digestion. After 3 min of small intestinal digestion, most of the small droplets in both samples 

had disappeared, resulting in a large average droplet size (SM Fig. 3). Small droplets tend to 

be hydrolysed by lipase more rapidly than large droplets because their larger specific surface 

area allows more lipase molecules to bind to and hydrolyse the lipids (Armand et al., 1992, 

1999). With further small intestinal digestion ( 15 min), the average droplet size (d4,3) 

decreased with an increase in the digestion time (SM Fig. 3). A small peak of between 0.03 

and 0.40 µm in size appeared after 15 min of digestion in the small intestine; this may have 

been micelles of bile salts and lipolysis products that were generated during the digestion. 

The CLSM images (Figure 6-5B) show that there was no droplet flocculation in both 

emulsions, and that the nanodroplets had detached from the interface of the larger droplets in 

the DSE. This was possible because bile salts replaced the original adsorbed emulsifier from 

the interface, allowing the lipase/colipase complex to act on the bile-salt-coated interface 

(Bellesi et al., 2014; Sarkar et al., 2016b). At 0 min of small intestinal digestion, the droplets 

present in the DSE were smaller than those in the PSE, confirming the light scattering results 

(Figure 6-5A). At 3 min of small intestinal digestion, the number of droplets had decreased 
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dramatically (Figure 6-5B), and a layer of digestive enzyme and other material from pancreatin 

had adsorbed onto and surrounded the large droplets. At 15 min of small intestinal digestion, 

the interfaces of the droplets became fragmented (zoom-in image of Figure 6-5B), which 

indicated that intensive lipolysis had occurred; lipolysis is an interfacial process (Sarkar et al., 

2019; Wilde & Chu, 2011). In addition, droplet coalescence occurred during the small intestinal 

digestion (Figure 6-5B). For example, at 3 and 15 min of small intestinal digestion, the size of 

the DSE droplets was larger than that prior to the small intestinal digestion.   
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A Droplet size distribution B Confocal microscopy 
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Figure 6-5: (A) Droplet size distributions of the droplet-stabilised emulsion (DSE, —) and the 

protein-stabilised emulsion (PSE, ---) during in vitro small intestinal digestion. (B) Confocal 

images of the DSE (left-hand column) and the PSE (right-hand column) during in vitro small 

intestinal digestion. Red colour represents the oils and green colour represents the proteins. The 

scale bar is 20 µm.  
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6.3.3.2 Modelling of the kinetics of lipolysis 

The total FFAs released from the emulsions as a function of the digestion time are shown in 

Figure 6-6. Two regions can be clearly distinguished. The emulsions exhibited a rapid release 

of FFAs in the early stages of small intestinal digestion and slow release in the later stages. The 

duration of the rapid FFA release for the two emulsions was ~28 min for the DSE and ~20 min 

for the PSE, respectively. The rapid FFA release probably resulted from fast lipolysis of small 

droplets due to the larger oil-water interfacial area for lipase action (Li & Mcclements, 2010; 

McClements, 2018; Riquelme et al., 2020). In addition, the fast rate of FFA release in the early 

stages could also be attributed to the fast adsorption of the lipase at the oil droplet surface and 

the less inhibitory lipolysis products (e.g. long-chain fatty acids and monoacylglycerols) 

accumulated at the surface (Golding & Wooster, 2010; Porter et al., 2007; Sek et al., 2002).  

Initially, an attempt was made to calculate the kinetic parameters for the initial FFA release 

from the two emulsions using equations (6-2) and (6-3). This kinetic model describes the 

release of FFAs by lipolysis under conditions of rapid lipase adsorption at the interface and 

independent of the change in droplet size during digestion (Sarkar et al., 2019; Ye et al., 2013a). 

However, the first-order relationship for FFA release with time could not be obtained, implying 

that the rate of lipid digestion in the early stages of small intestinal digestion was affected by 

factors such as the dynamics of enzyme adsorption and the droplet size. A mathematical model, 

𝜑(𝑡) = 𝜑𝑀𝑎𝑥  [1 − (1 −  
2𝑀𝑤𝜅

𝑑0𝜌0
 𝑡)

3

],  was first proposed by McClements and Li (Li & 

Mcclements, 2010; McClements & Li, 2015) and later solved by Gaucel et al. (Gaucel et al., 

2015) to describe the impact of droplet size on the rate of lipid digestion; it assumed that 

individual lipid droplets shrank during digestion because some of the triacylglycerols were 

hydrolysed and lost. However, in this study, the size of the emulsion droplets did not simply 
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decrease over time (Figure 6-5B). There was an increase in the size of the droplets after 3 min 

of digestion and a decrease in size after 30 min of digestion (Supplementary material, Figure 

S 6-3). The model (Gaucel et al., 2015; Li & Mcclements, 2010; McClements & Li, 2015), 

which assumes that the droplet size simply decreases with the digestion time, may not explain 

the FFA release kinetics in this study. Therefore, the best description of the initial FFA release 

kinetics would be the increase in FFAs released per unit of time (r, %FFA min‒1), calculated 

as 𝜑𝑡 − 𝜑0 = 𝑟𝑡 , which was 1.21% min‒1 and 1.06% min‒1 for the DSE and the PSE 

respectively (Supplementary material, Table S 6-2).  

The slower release of FFAs occurred after about 30 min of intestinal digestion. The 

accumulation of lipolysis products at the interfaces could have decreased the interface area 

available for lipase action, contributing to the slow release of FFAs (Mun et al., 2007; Pafumi 

et al., 2002). Moreover, a real plateau was not reached after 120 min for both emulsions, which 

is a classical result for the digestion of long-chain triacylglycerols (Giang et al., 2016; Golding 

et al., 2011; Williams et al., 2012). At the end of this experiment, 56.19 ± 3.55 and 49.40 ± 

2.67% of the FFAs had been released from the DSE and the PSE, respectively. The order of 

magnitude of the final percentage of FFA release was in good agreement with the results from 

the lipid digestion of long-chain fatty acids in the literature. During the stage of slow FFA 

release, similar 𝑘 values (0.5 µmol s‒1 m‒2 x 10‒4) were obtained for the DSE and the PSE, as 

the droplet sizes (d4,3) of the DSE (28.31 µm) and the PSE (29.34 µm) were similar after 30 

min of digestion (Supplementary material, Table S 6-2). The similar lipolysis kinetic 

parameters suggested that the efficiencies of the interfacial process of lipolysis in the two 

emulsions were comparable. The size of the emulsions released from gastric digestion into the 

intestine may have been the crucial factor in determining the rate of lipolysis in the present 

study.  
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Figure 6-6: Free fatty acid release profiles of the droplet-stabilised emulsion (DSE, solid black 

line) and the protein-stabilised emulsion (PSE, solid grey line) during in vitro small intestinal 

digestion. The solid lines represent the experimental data determined by pH-stat titration and 

the dashed lines represent the model data that were superimposed on the experimental data. 

Error bars represent the standard deviations from triplicate.  
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6.4 Conclusions 

In this study, a novel oil-in-water emulsion stabilised by small primary droplets was 

compared to conventional protein-stabilised emulsion in their behaviours in the in vitro 

gastrointestinal digestion. This study demonstrated that under gastric pH close to the isoelectric 

point of caseins (~ pH 4.6), the dense and thick interface layer composed of nanoemulsion 

droplets prevented the emulsions from flocculation and coalescence. In contrast, the 

polydisperse emulsion stabilized by casein particles showed extensive droplet flocculation and 

coalescence which was similar to conventional casein-stabilized emulsions (Wang et al., 2019) 

(Ye et al., 2020). The nanodroplet-stabilised interface of the emulsion contributed to a smaller 

droplet size after gastric digestion. The extent of the lipid digestion was mainly associated with 

the droplet size distribution in the emulsions emptied from the stomach, thus leading to a 

slightly greater amount of FFA release from the DSE during the small intestinal digestion. In 

addition, the polydisperse droplets resulted in different rates of FFA release during the 

intestinal digestion, with the smaller droplets having a faster rate of FFA release at the 

beginning of the digestion. The droplet-stabilised interfaces of DSE were disassembled and 

resulted in polydisperse emulsion droplets in the small intestinal phase. This study provides 

useful information for designing novel food structures with controlled digestibility, while 

promoting the understanding on the digestion of the polydisperse emulsion systems consisting 

of a broad range of droplet sizes, such as milk and infant formula.  
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6.5 Supplementary material 

Table S 6-1: Formulae of electrolyte solutions for the simulated gastric fluid (SGF) and the 

simulated intestinal fluid (SIF) 

  SGF (pH 2.0) SIF (pH 7.0) 

Salts Concentration of 

stock salt 

solutions 

Salt concen-

tration in 

stock SGF 

(1.25x) 

Salt 

concen-

tration in 

final SGF 

(1.0x) 

Salt concen-

tration in 

stock SIF 

(1.25x) 

Salt concen-

tration in 

final SIF 

(1.0x) 

 (mM) (g/L) (mM) (mM) (mM) (mM) 

KCl 1000.00   74.55   8.63   6.90     8.50     6.80 

KH2PO4   500.00   68.04   1.13   0.90     1.00     0.80 

NaCl 3000.00 175.32 59.00 47.20 154.25 123.40 

MgCl2(H2O)6   100.00   20.33   0.15   0.12     0.41     0.33 

NaHCO3   500.00   43.50 31.25 25.00 ‒ ‒ 

(NH4)2CO3   100.00     9.61   0.63   0.50 ‒ ‒ 

CaCl2* 1000.00 110.98 ‒   0.15 ‒     0.60 

*CaCl2 is absent in the stock simulated digestion fluids but is added immediately before use. 
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Table S 6-2: Kinetic parameters of the emulsions during the in vitro intestinal digestion 

DSE, droplet-stabilized emulsion; PSE, particle-stabilized emulsion. 

r, percentage of free fatty acids (FFAs) released per unit of time; kinetic parameter for the 

initial 0–30 min of small intestinal digestion. 

k, lipid conversion rate per unit area of the droplet surface; kinetic parameter calculated from 

k1 [equation (6-3)] for 30–120 min of small intestinal digestion. 

Standard deviation from triplicates were included in brackets. 

  

  DSE PSE 

d4,3 (µm) at 0 min  25.16 (4.45) 39.81 (4.69) 

d4,3 (µm) at 30 min 28.31 (2.48) 29.34 (4.11) 

φMax (%) 56.19 (3.55) 49.40 (2.67) 

𝑟 (%FFA min‒1)  1.21 (0.036) 1.06 (0.052) 

𝑘 (µmol s‒1 m‒2 x 10‒4) 0.5 (0.004) 0.5 (0.007) 
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Figure S 6-1: Illustration of the set-up for the human gastric simulator.  
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Figure S 6-2: Changes in pH during gastric digestion of the droplet-stabilised emulsion (DSE, 

) and the protein-stabilised emulsion (PSE, ). Error bars represent standard deviations from 

triplicates. 
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Figure S 6-3: Average droplet size (d4,3) of the droplet-stabilised emulsion (DSE, ) and the 

protein-stabilised emulsion (PSE, ) during in vitro small intestinal digestion. Error bars 

represent standard deviations from triplicates. 
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Chapter 7 Formation and properties of highly concentrated oil-

in-water emulsions stabilised by emulsion droplets 

Graphic abstract 

 

Abstract 

Food-graded caseinate particles (Ca-CAS) were prepared by mixing sodium caseinate and 

calcium chloride. Ca-CAS (~110-~140 nm in diameter) and the Ca-CAS coated primary 

emulsion droplets (400 nm in average diameter) exhibited good dispersion at both pH 7.0 and 

5.8 with charges between -6 and -9 mV, and they were used as emulsifiers in the subsequent 

70 % (v/v) concentrated emulsion preparation. The emulsion stabilised by primary droplets 

(DSE) was compared with conventional emulsion stabilised by Ca-CAS (PSE) in terms of 

viscoelasticity as affected by aging (30 days) and heating (80 °C, 30 min). All emulsions 

exhibited exceptional resistance to droplet coalescence for 30 days of aging and to heating. 

Storage moduli of all emulsions were higher than the loss moduli under all conditions, 

suggesting gel-like properties. The emulsion with full coverage of primary droplets (DSE at 

pH 5.8) showed the highest complex modulus (1174 ± 39 Pa) approximately six-times higher 
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than other emulsions (≤ ~250 Pa) due to the thick primary droplet layer increasing the effective 

volume faction by a factor of ~ 1.21. The complex moduli of DSE at pH 5.8 increased to 1685 

± 68 Pa after 30 days aging and to 1801± 69 Pa after heating at 80 °C for 30 min; while the 

complex moduli of PSE increased to ~400 Pa and ~600 Pa after aging and heating, respectively. 

The possible mechanism for aging-induced gelation was the gravity-driven microphase 

separation, in which the droplet flocs together with the entrapped aqueous phase increasing the 

effective volume fraction. The heat-induced gelation was attributed to the increase in droplet 

interactions at elevated temperature, in which the touching droplets were associated together 

through protein aggregates and/or primary droplets forming three-dimensional networks. This 

study suggests that the mechanical strength of food-graded concentrated emulsions can be 

effectively improved using nano-sized primary emulsions as emulsifiers and can be further 

modulated by aging or heating, which will be useful for developing semi-solid emulsion-based 

products.  

 

7.1 Introduction 

Oil-in-water (O/W) emulsion is a mixture of two immiscible liquid phases, with one oil 

phase dispersed as droplets in another aqueous continuous phase. When the volume fraction of 

the disperse phase (φ) is high, the droplets are packed very closely, conferring the emulsion a 

yield-stress and viscoelastic properties. Typically, they appear to flow at high shear rates but 

solidify at low shear rates, exhibiting high stability with a self-supporting texture (Li et al., 

2020). Owing to the unique gel-like rheological properties, special texture and long-term 

stability, concentrated emulsions have attracted increasing attention from both academic 

research and industry (Li et al., 2018; Patel & Dewettinck, 2016). The advantages of 

concentrated emulsion rely on their adjustable viscoelastic properties (Tan et al., 2020; Wang 
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et al., 2016). Many studies have indicated that the rheological properties of concentrated 

emulsion depend on φ (Hemar & Horne, 2000; Lacasse et al., 1996; Mason et al., 1996; Princen 

& Kiss, 1986), droplet size distribution (Desmond & Weeks, 2014; Foudazi et al., 2012; Pal, 

1996), droplet coalescence and aggregation state (Berli, 2007; Chuang et al., 2020; Zhang et 

al., 2021a), as well as continuous phase viscosity (Geremias-Andrade et al., 2017; Zhu et al., 

2019). These factors can be manipulated prior to emulsification by adjusting different 

parameters such as emulsifiers, oil fraction, pH, ionic strength, additives, etc., to obtain a 

concentrated emulsion with desirable processibility, physicochemical and functional properties. 

For instance, a reduced disperse phase volume fraction of emulsion could be designed to have 

the same rheological properties than that made with a higher disperse phase volume fraction.  

The viscoelasticity of concentrated emulsions could change over long-term storage, due to 

droplets coalescence (Chuang et al., 2020; Dimitrova & Leal-Calderon, 2004; Hu et al., 2016). 

To improve the long-term stability towards coalescence of concentrated emulsions, strategies 

using large amount of surfactants (e.g., Tweens and Spans) (Barbetta & Cameron, 2004; 

Cameron & Sherrington, 1996; Wijaya et al., 2017) or colloidal particles (e.g., silica particles) 

(Abdullah et al., 2020; Zheng et al., 2014) are often employed. It is well established that 

emulsions stabilised by colloidal particles often possess better stability to droplet coalescence 

than those stabilised by surfactants through Pickering mechanism (Binks, 2002). Therefore, the 

application of food-grade particles (e.g., starch, cellulose, chitin, proteins, and polysaccharides) 

has attracted increased interest in the manufacture of edible concentrated emulsion-based 

products (Huang et al., 2019; Zhang et al., 2021a; Zhu et al., 2019). However, a low 

viscoelasticity of about 10 – 500 Pa at 1 Hz has been usually reported for Pickering 

concentrated emulsions (𝜑 > 0.75) that are stabilised by food-grade particles, such as gliadin-
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based particles (Zeng et al., 2017), zein-based particles (Jiang et al., 2019), whey protein 

microgel (Su et al., 2018), and pH-modified casein particles (Guo et al., 2021).  

Recently, several studies have been carried out to improve the mechanical strength of 

concentrated emulsions through modifying the interfacial structure by increasing the size of 

the particles and improving the amount of the adsorbed particles at the interface (Guo et al., 

2021; Yan et al., 2019). For example, concentrated emulsions stabilised with OSA 

starch/chitosan complex particles showed the highest viscoelasticity at pH 6 as compared to 

emulsions formed at pH below 6. At pH 6, the OSA starch/chitosan particle had a large size 

and formed a thick interfacial layer at the droplet surfaces, which promote the formation of a 

percolation network structure in the emulsion (Yan et al., 2019). Similar results have been 

found in zein/pectin hybrid particle (ZPHP)-stabilised Pickering emulsions (Zhou et al., 2018). 

A well-ordered interfacial layer of the droplet formed with ZPHP at pH 3.0 led to high 

interfacial coverage and a better stability and higher viscoelasticity compared to emulsions 

formed at higher pH. It has been suggested that the protective well-ordered and thick interfacial 

layer contribute to the formation of a percolating network of droplets and thus to the 

viscoelastic properties of concentrated emulsions (Yan et al., 2019; Zhou et al., 2018). This 

type of interfacial layer has been previously observed in dilute emulsion (φ = 0.2) formed with 

small primary droplets as stabilisers (Cheng et al., 2019). This leads one to hypothesise that the 

viscoelasticity of the concentrated emulsion will be improved by the formation of a thick 

interfacial layer consisting of small primary droplets.  

The aim of this study was therefore to develop an oil-in-water concentrated emulsion (70% 

v/v) stabilised by primary droplets coated with calcium cross-linked caseinate particles (Ca-

CAS) with different interfacial structures. The concentrated emulsions stabilised by Ca-CAS 

coated primary droplets were compared to emulsions solely stabilised by Ca-CAS in terms of 
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their rheological properties at controlled compositions (e.g., same oil volume fraction and 

protein concentration). The effects of aging (30 days) and heating (80 °C, 30 min) on the 

rheological properties were also investigated. The rheological measurements were supported 

with droplet size measurements and confocal laser scanning microscopy observation.  

7.2 Materials and methods 

7.2.1 Materials 

Sodium caseinate (Alanate 180: 92.7 % w/w protein, 4.3 % w/w moisture, 0.7 % w/w fat 

and 0.2 % w/w carbohydrate) was purchased from Fonterra Co-operative Group Ltd. 

(Auckland, New Zealand). Soybean oil was purchased from Davis Trading Company, 

Palmerston North, New Zealand. Milli-Q water (Millipore Corp., Bedford, MA, USA) was 

used for all experiments. All chemicals used were of analytical grade and were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) or BDH Chemicals (BDH Ltd., Pooles, England) unless 

otherwise specified.  

7.2.2 Preparation of calcium cross-linked caseinate particle 

Stock sodium caseinate (CAS) dispersion with protein concentration of 3.1 w/v% was 

prepared by dissolving sodium caseinate powder in ultrapure Milli-Q water (18.2 MΩ) at 50 °C 

and stirring for 2h, followed by overnight storage at the room temperature to ensure complete 

hydration. The pH of this sodium caseinate dispersion is 6.90 ± 0.2. Ca-CAS dispersions were 

prepared by adding an appropriate amount of stock CaCl2 solution (1 M, 0.22 µm filtration) 

drop-wisely into the stock CAS dispersion under mild stirring for half-hour equilibrium, 

followed by adjusting the pH to 7.00 ± 0.05 using 2 M NaOH or 2M HCl and equilibrating at 

room temperature overnight. The final Ca-CAS dispersion contains 3.0% w/v protein and 20 

mM CaCl2, which is close to the concentration of protein and colloidal calcium found in casein 

micelles. Sodium azide was added at a final concentration of 0.04 % (w/w) as a preservative. 
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7.2.3 Emulsion preparations 

7.2.3.1 Concentrated droplet-stabilized emulsion preparations 

Nano-sized primary emulsion was firstly prepared as the emulsifying agent for the droplet-

stabilised emulsion. Ca-CAS dispersion (3.00 w/v % protein, 20.00 mM CaCl2, pH 7.0) was 

mixed with soybean oil, giving 20 v/v % soy oil of the final primary emulsion. The mixture 

was prehomogenized using a handheld Ultra-Turrax (IKA T10 basic, Staufen, Germany) at 

30,000 rev min‒1 for 30 s, then passes through a two-stage homogenisation (Homolab 2, FBF 

Italia, Italy) at pressures of 47 MPa (first stage)/5 MPa (second stage), resulting in a primary 

emulsion. The outlet temperature of the two-stage homogeniser was controlled by using an ice 

bath to avoid the heating from the high-pressure homogenisation. The pH of the primary 

emulsion is the same as the pH of its aqueous phase. 

Primary emulsions were subsequently used as the aqueous phase to mix with the secondary 

oil phase (soybean oil) in volume ratio of 6:10 to prepare 16 mL of droplet-stabilised emulsion 

(DSE). In the final emulsion, the total oil volume fraction reached to 70 v/v %, in which the 

primary emulsion contributed 7.5 v/v % and the secondary oil phase contributed 62.5 v/v %. 

The secondary oil phase was adding drop by drop. Prior to adding the secondary oil phase, the 

pH of the primary emulsion was checked as 7.00 ± 0.05 and adjusted to pH 5.80 ± 0.05 for the 

acidic emulsion using 2M HCl under mild magnetic stirring. Homogenisation of the 

concentrated DSE was performed using a handheld Ultra-Turrax (IKA T10 basic, Staufen, 

Germany) at 10,000 rev min‒1 for 5 min. Sodium azide was added at a final concentration of 

0.04 wt% as a preservative. Emulsions were prepared in duplicate for each pH value.  

7.2.3.2 Concentrated CAS particle-stabilised emulsion preparation 
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Ca-CAS dispersion (3.00 w/v % protein, 20.00 mM CaCl2, pH 7.0) mixed with soybean oil 

in ratio of 3:7 to prepare the 16 mL of high concentrated Ca-CAS particle-stabilized emulsion 

(PSE). Prior to adding the oil phase, the pH of the Ca-CAS dispersion was checked as 7.00 ± 

0.05 or adjusted to pH 5.80 ± 0.05 for the acidic emulsion using 2M HCl under mild magnetic 

stirring. Homogenisation of the concentrated PSE was performed using a handheld Ultra-

Turrax (IKA T10 basic, Staufen, Germany) at 10,000 rev min‒1 for 5 min. Sodium azide was 

added at a final concentration of 0.04 wt% as a preservative. Emulsions were prepared in 

duplicate for each pH value. 

7.2.4 Emulsion stability during storage and heat treatment 

All emulsion samples were stored in temperature-controlled lab (22 °C) at dark place for 30 

days. The bottle caps were tightened and sealed with parafilm (PARAFILM® M) to prevent 

moisture loss.  

7.2.5 Particle size measurement 

The z-average hydrodynamic diameter Ca-CAS were measured by dynamic light scattering 

(DLS) at 20 °C using a ZetaSizer Ultra (Malvern Instruments Ltd, Malvern, UK). The 

instrument used a backscattering configuration with detection at a scattering angle of 173° 

using an avalanche photodiode and a helium-neon laser at λ = 633 nm; refractive indices of 

1.50 and 1.33 were used for protein and water, respectively.  

The droplet size of emulsions with and without sodium dodecyl sulphate (SDS) was 

determined by static light scattering using (SLS) using a Malvern MasterSizer 2000 (Malvern 

Instruments Ltd, Malvern, UK). Emulsion in the absence of SDS was directly added into the 

MasterSizer dispersion tank under stirring at 2500 rpm during measurements. The size of 

individual droplets was obtained by dispersing the emulsion in 2 wt% SDS solution at volume 
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ratio of 1:10 before SLS measurements, because SDS is capable of disrupting hydrophobic 

interactions and displacing protein molecules and the protein-coated droplets from the oil‒

water interface without changing the oil droplet size (Cheng et al., 2019, 2022a; Dickinson & 

Ritzoulis, 2000; Mackie et al., 2000; Tomas et al., 1994). 

The refractive index of soy oil was 1.47 and water (the dispersing medium) was 1.33. 

Droplet size measurements are reported as De Broukere mean (d4,3). Mean particle diameters 

were calculated as the average of duplicate measurements. 

7.2.6 Zeta-potential measurements  

The zeta-potentials of Ca-CAS particles, and associated emulsions, were determined by 

DLS at 20 °C using a ZetaSizer Ultra instrument (Malvern Instruments Ltd, Malvern, UK). 

The dispersions of Ca-CAS were measured at pH 7.0 and 5.8; the Ca-CAS coated primary 

emulsion was diluted 100 times with 20 mM CaCl2 buffer before measurements to avoid 

multiple scattering effects. The pH of the diluted emulsions was adjusted to 7.0 and 5.8 using 

0.1 M NaOH or 0.1M HCl.   

7.2.7 Characterisations of rheological properties 

The rheological characterisations of the emulsions were conducted using AR-G2 stress-

controlled rheometer (TA Instruments, Crawley, West Sussex, UK) equipped with a stainless-

steel plate and plate geometry (40mm diameter) set to a gap of 1.0 mm. The sample for 

rheological characterisations was transferred by a flat end stainless-steel spatula from a sample 

vial to the rheometer’s bottom plate set at 25 °C. The geometry plate was lowered to the gap 

position of 1 mm. Excess emulsion was carefully trimmed out and a thin layer of mineral oil 

was used to seal the edge of the geometry to prevent water evaporation during the measurement. 

All the samples were relaxed on the rheometer following a time-sweep for 60 min at 25 °C 
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with constant strain amplitude of 1% and constant frequency of 1 Hz before further rheological 

characterisations.  

To measure the rheological properties of the emulsion storage at different times, a range of 

oscillatory experiment were performed at 25 °C: (1) the frequency sweep measurement was 

carried out at a constant strain of 1% for frequencies ranging from 10-2 Hz to 102 Hz; (2) the 

strain sweep measurement was performed at a constant frequency of 1 Hz for strain amplitude 

ranging from 10-1 % to 103 %.  

The rheological properties of freshly prepared emulsion with heat-treatment were 

characterised as well. After time sweep measurements, a temperature sweep measurement was 

performed at fixed strain of 1% and fixed frequency of 1 Hz with four stages: (1) temperature 

was increased from 20 to 80 °C with a heating rate of 1°C/min; (2) held at 80°C for 30 min; (3) 

cooled from 80 to 20 °C with a cooling rate of 1°C/min; and (4) held at 20 °C for 15 min. After 

that, the frequency-sweep and strain-sweep were performed as described above.  

7.2.8 Confocal laser scanning microscopy (CLSM) 

The microstructures of the emulsions were examined using a confocal laser scanning 

microscope (Leica, Heidelberg, Germany) equipped with a 40× magnification oil immersion 

lens. Fast green and Nile red powder were added to the protein dispersion and soy oil at 

concentration of 0.05 mg/mL prior to emulsification. The stained emulsion was transferred 

onto a concave confocal microscope slide with a coverslip. Fast green was excited by a helium‒

neon laser at 633 nm and the emission between 638 and 750 nm was measured. Nile Red was 

excited by an argon laser at 488 nm and the emitted fluorescence between 494 and 605 nm was 

measured. To enhance image quality, sequential scanning was used. Images were captured with 
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LAS AF software (version 2.7.3.9723) at room temperature. They were analysed using ImageJ 

software (ImageJ, National Institutes of Health, Bethesda, MD, USA). 

7.2.9 Statistical analysis 

Each experiment was performed in duplicate using freshly prepared samples. The results 

are reported as the means and standard deviations. Independent sample T-test of variance were 

used to compare samples in the SPSS 19.0 package (IBM, Armonk, NY, USA). The significant 

difference was set at a P-level of 0.05.  
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7.3 Results and discussion 

7.3.1 Formation of DSE concentrated emulsions 

Ca-CAS or nano-sized primary emulsions coated with Ca-CAS were used as emulsifying 

agents to stabilise the concentrated emulsions in the present study. The particle size and zeta-

potential of Ca-CAS and primary emulsions are shown in Figure 7-1a. Size distributions of 

Ca-CAS dispersions and the primary emulsions were monomodal at both pH conditions as 

shown in Figure 7-1b. The z-average hydrodynamic diameter of Ca-CAS was 141 ± 3 and 110 

± 2 nm at pH 7.0 and 5.8, respectively. The Ca-CAS-coated emulsions were well dispersed at 

both pH conditions by the electrostatic stabilisation of the Ca-CAS layer. The average 

diameters, d4,3, of primary emulsion were 400 ± 10 nm at both pHs. The surface charges of Ca-

CAS and the droplets were similar at a given pH, and the zeta-potential value was ~ -9 mV at 

pH 7.0 and ~ -6mV at pH 5.8, respectively. The low net charge of Ca-CAS and its droplets was 

due to the binding and charge screening effect of calcium ions. (Cheng et al., 2022b; Guo et 

al., 2021; Ma et al., 2009; McCarthy et al., 2014; Sosa-Herrera et al., 2012; Zittle et al., 1958).  

7.3.2 Droplet size distribution of the concentrated emulsions  

The droplet size distributions of concentrated emulsions (𝜑 = 70%) stabilised by Ca-CAS 

(PSE) or by primary emulsion (DSE) are shown in Figure 7-1c-d. The droplet size distributions 

of PSE at pH 7.0 and 5.8 were similar, with a prominent peak at ~ 20 µm (Figure 7-1c) and a 

polydisperse index (PDI) of 0.4. The average droplet diameter (d4,3) for PSE at pH 7.0 and pH 

5.8 was 20.06 ± 1.14 and 19.35 ± 0.36, respectively. These droplet size distributions of PSE in 

the absence of SDS overlapped with those in the presence of SDS, indicating that there was no 

droplet aggregation in the fresh PSE.  

For DSE at pH 5.8, a prominent peak centred at ~ 20 µm was observed, with a d4,3 of 14.12 

± 0.85 µm and PDI of 0.5 (Figure 7-1d). The slightly smaller d4,3 and larger PDI of DSE at pH 
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5.8 compared to PSE was due to the present of small size droplets of 0.2 – 2 µm. The 0.2 – 2 

µm size droplets could be the mixture of excess primary emulsions and newly formed small 

size DSE. After dispersing the DSE in the SDS solution, the peak of the small sized droplet 

population expanded into the smaller size range and between ~0.1 – 2 µm (Figure 7-1d), which 

corresponded to the droplet size distribution of primary emulsion only (Figure 7-1b). Note 

also that SDS will disintegrate the Ca-CAS particles, by supressing the hydrophobic 

interactions. The expansion of the peak area of small sized droplet population indicated that 

the adsorbed primary droplets had been detached by SDS molecules from the interface of the 

core droplet in DSE (Cheng et al., 2019, 2022a). This result confirmed that the primary droplets 

have assembled at the interface of the core droplets.  

In contrast, DSE at pH 7.0 showed peaks of both the primary emulsion and the core droplets, 

resulting in the smaller average d4,3 of 12.08 ± 0.12 µm and the larger PDI of 0.6 than that for 

DSE at pH 5.8. The droplet size distributions of the DSE at pH 7.0 with and without addition 

of SDS overlapped. 

The average d4,3 of DSE at pH 7.0 and 5.8 with addition of SDS was 11. 89 ± 0.68 µm and 

10.16 ± 1.35 μm, respectively. These results suggested that the adsorption of primary droplets 

at the interface of the core droplets in DSE was promoted by lowering the pH. Previous studies 

suggested that for casein-coating layers, bringing the pH down towards the isoelectric point 

(IEP = 4.6) lead to reducing the strength and range of the interlayer repulsion (Dickinson, 1999; 

Dickinson et al., 1997). The pH-responsive adsorption of particles have also been widely found 

in Pickering emulsion stabilized by different proteins or polysaccharides (Cui et al., 2022; Luo 

et al., 2012; Yang et al., 2007; Zhang et al., 2020a).  



Chapter 7  

225 

 
 

  

Figure 7-1: (a) The zeta-potential of Ca-CAS dispersions and Ca-CAS-stabilized nano-sized 

primary emulsions at pH 7.0 and 5.8; (b) particles size distributions of Ca-CAS dispersions and 

Ca-CAS-stabilized nano-sized primary emulsions at pH 7.0 and 5.8; (c) droplet size 

distributions of Ca-CAS particle stabilized-emulsion (PSE) at pH 7.0 and 5.8 in the absence 

and presence of SDS; (d) droplet size distributions of droplet stabilized-emulsion (DSE) at pH 

7.0 and 5.8 in the absence and presence of SDS. 

  

(a) (b) 

(c) (d) 
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7.3.3 Properties and stability of the concentrated emulsions  

As showed in Figure 7-2 a-d-1, all emulsions exhibited a good stability without phase 

separation or oiling-off over 30 days. Except for the fresh DSE at pH 7.0 (Figure 7-2c-1), the 

other three fresh emulsions did not flow when the glass vials were inverted (Figure 7-2a-1, b-

1, & d-1). This phenomenon indicated that the φ as close to the maximum volume fraction of 

the dispersed phase φmax for DSE at pH 5.8, PSE at pH 7.0 and PSE at 5.8, but this was not the 

case for DSE at pH 7.0. It has been suggested that when the 𝜑 approaches or exceeds a critical 

value of φmax, droplets are caged by their neighbouring droplets and do not flow, the emulsion 

thereby transition from a viscous liquid to a viscoelastic material (Mason, 1999). The φmax has 

been well-established as 0.74 for the undeformable spheres with a narrow PDI of 0.1 reaching 

the hexagonal packing (Mason, 1999; Scott & Kilgour, 1969). However, in a polydisperse 

emulsion, the φmax can be greater than 0.74 because the small droplets can fill the interstitial 

space between the large droplets (Lubachevsky & Stillinger, 1990; Scott & Kilgour, 1969; 

Tadros, 1994).  

After aging for 30 days, all emulsions did not flow when the glass vails were inverted 

(Figure 7-2a-d-2). To examine the droplet-droplet interactions, the size of the emulsions at 

different storage times were measured. Except for DSE at pH 7.0, the rest of the emulsions 

showed an increase in size with storage time, and the droplet flocs in the aged emulsions did 

not dissociate during the MasterSizer measurements, as shown in Figure 7-2e. After dispersing 

the aged emulsion in SDS solution, the droplet flocs disassociated into the individual droplets 

of similar size to the fresh droplets (Figure 7-2f). These results suggested that (1) all types of 

emulsions were stable towards droplet coalescence for 30 days; (2) irreversible flocculation or 

aggregation of droplets developed with time, except for DSE at pH 7.0.  
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Fresh emulsions    Aged emulsions 

(a-1) 

 

(b-1) 

 

(c-1) 

 

(d-1) 

 

   (a-2) 

 

(b-2) 

 

(c-2) 

 

(d-2) 

 

Figure 7-2: Appearance of concentrated emulsion with 70% of oil volume fraction in the 

sealed inverted glass vails for (-1) 0 day and (-2) 30 days. Emulsion stabilized by (a) Ca-CAS 

at pH 7.0, (b) Ca-CAS at pH 5.8, (c) primary emulsion at pH 7.0, and (d) primary emulsion at 

pH 5.8. (e) The average droplet size (d4,3) of PSE and DSE at pH 7.0 and 5.8 as a function of a 

storage time for 0, 7, 14 and 30 days. (f) The average droplet size (d4,3) of PSE and DSE at pH 

7.0 and 5.8 as a function of a storage time for 0, 7, 14 and 30 days in the presence of SDS. 

  

  

(e) (f) 
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7.3.4 Microstructure of concentrated emulsions during aging 

CLSM images showed that freshly prepared emulsions had large size droplets of ~15 µm in 

diameter packed closely and distributed uniformly throughout the field of view (Figure 7-3a-

d-1). With increasing storage time, the size of individual droplets did not appear to change 

significantly for all the emulsions (Figure 7-3a-d-2&3). These results indicated that droplets 

stabilised with Ca-CAS or Ca-CAS-coated primary droplets were stable against coalescence 

over 30 days. The signal in the aqueous phase of PSE suggested the existence of an excess 

proteins (Figure 7-3a-b), while in the aqueous phase of DSE at pH 7.0 suggested the existence 

of non-adsorbed Ca-CAS-coated droplets (Figure 7-3c). The excess proteins in the aqueous 

phase indicated that the interface of the core droplet in PSE or DSE at pH 7.0 was saturated 

with Ca-CAS particles. In contrast, there was a lack of signal in the continuous phase of DSE 

at pH 5.8, indicating that most droplets adsorbed at the interface of the core droplets (Figure 

7-3d). A thick interfacial layer consisting of nano-sized droplets was observed for all the DSEs 

at pH 5.8 at different storage times, indicating that interfacial layer of primary droplets also 

provided long-term stability to the DSE.   
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Figure 7-3: 63× Magnification confocal images of concentrated emulsion with 70 % of oil 

volume fraction that stabilized by (a) Ca-CAS at pH 7.0, (b) Ca-CAS at pH 5.8, (c) primary 

emulsion droplets at pH 7.0, and (d) primary emulsion droplets at pH 5.8 for (-1) 0, (-2) 10 and 

(-3) 30 days aging. Red colour represents the oil phase stained by Nile red and green colour 

represents the protein stained by fast green. Scale bar is 20 µm. Insets are associated zoom-in 

images with scale bar of 10 µm.   

(a

-1) 

(a

-2) 

(a

-3) 

(b

-1) 

(b

-2) 

(b

-3) 

(c

-1) 

(c

-2) 

(c

-3) 

(d

-3) 

(d

-2) 

(d

-1) 



Chapter 7  

230 

7.3.5 Viscoelasticity of concentrated DSE emulsions during aging 

The frequency sweep test was performed at a fixed strain of 1%, the strain was well within 

the linear viscoelastic region (LVR) as shown in Figure 7-4 b-1&-2. The dependence of 

storage modulus (G′) and loss modulus (Gʺ) with frequency for 0 day and 30 days was plotted 

in Figure 7-4 a-1&-2, respectively. For the whole frequency range, both G′ and G″ of all 

emulsions showed a weak frequency dependence; the G′ of all emulsions was in parallel with 

and about 9 times higher than the Gʺ, which suggested that these emulsions were weak gels 

before and after aging (Gabriele et al., 2001; Ross-Murphy et al., 1993). Similar dynamic weak 

gel characteristic had been reported for many high internal phase Pickering emulsions 

stabilized by food-grade particles, such as transglutaminase cross-linked gelatine (Du et al., 

2021), casein and casein-hemp protein particles (Chuang et al., 2020), and soy protein/cellulose 

nanofibrils (Zhang et al., 2020b). The frequency dependence of aging emulsion decreased 

(Figure 7-4 a-2), indicating that inter-droplet motion was reduced after 30 days (Tang & Ghosh, 

2021).  

To better compare the viscoelasticity of various emulsions at different aging times, the 

complex modulus G* at 1 Hz of emulsions was summarized in Figure 7-4c and Table 7-1 , 

where 𝐺∗ = (𝐺′ 2  + 𝐺″ 2)1 2⁄  combining the contribution from both G′ and G″ t. In freshly 

prepared emulsions, the values of G* for the PSE at both pH 7.0 (238 ± 15 Pa) and 5.8 (215 ± 

25 Pa) were not significantly different. As expected, the fresh DSE showed the lowest G* (126 

± 15 Pa) at pH 7.0 due to the high polydispersity, but the highest G* (1174 ± 28 Pa) at pH 5.8. 

The high G* in DSE at pH 5.8 than other emulsions (P > 0.05) could suggest that there were 

DSE droplet-droplet networking through the primary droplets that were entrapped within two 

interfaces. However, this droplet-droplet network could be weak and reversible, as it can be 
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broken up by dilution and stirring. This was rejected as no significant change in particle size 

during SLS measurements (Figure 7-2e).
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Table 7-1 Complex moduli G* at 1 Hz (Pa) of PSE and DSE at pH 7.0 and 5.8 after 0 day, 30 

days aging, and heating at 80 °C for 30 min. 

 
G* at 1 Hz (Pa) 

 
0 D 30 D 80 °C 

PSE, pH 7.0 238 ± 21 Aa 403 ± 68 Ba 583 ± 76Ca  

PSE, pH 5.8 215 ± 35 Aa 354 ± 79 Ba 653 ± 20 Ca  

DSE, pH 7.0 126 ± 21 Ab 443 ± 127 Ba  1312 ± 205 Cb  

DSE, pH 5.8 1174 ± 39 Ac  1685 ± 68 Bb  1801 ± 69 Bc  

Different letters in capitals represent significant differences between different storage time 

and temperature of the same sample according to SPSS T-test (P < 0.05); different letters in 

lower case represent significant differences between samples at same storage time and 

temperature. Experimental data are the means of duplicate samples. Numbers in parentheses 

represent the standard error from duplicates.  
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Another possible contributor for the high G* of DSE at pH 5.8 was the thick interfacial layer 

for DSE at pH 5.8, which resulted in an increase in the effective volume fraction of the 

emulsion. When taking a thickness of the interfacial layer, ℎ, into account, the effective volume 

fraction, φeff can be calculated using equation ((7-1)) (Mason, 1999): 

 𝜑𝑒𝑓𝑓  ≈  𝜑𝑐𝑜𝑟𝑒  [1 +
2ℎ

𝐷
]

3

 (7-1) 

where φcore is oil volume fraction of the large core droplet, D is the mean droplet diameter 

(D ≈ 15 µm, given by the emulsion with addition of SDS measured by SLS after excluding the 

contribution from small droplets), which is valid for 2ℎ ≪ 𝑑 (Erramreddy & Ghosh, 2015; 

Mason, 1999; Princen et al., 1980; Wilking & Mason, 2007).  

For DSE at pH 5.8, the primary droplet layer at the core droplet surface, h, was contributed 

to ~0.87 µm thickness as estimated by the difference in large droplet diameter before (14.59 ± 

0.17 µm) and after adding SDS (12.85 ± 0.41 µm). The φeff was calculated as 0.87 which was 

1.39 times higher than the set φcore of 0.625 (the primary emulsion accounted for oil volume 

fraction of 0.075). Similar results have been reported previously that an increase of φeff by 

increasing the size ratio of emulsifier to the droplet has led to the dramatic increase in the 

elasticity of the concentrated emulsion (𝜑 = 0.3 −  0.9) (Chanamai & McClements, 2000; 

Erramreddy & Ghosh, 2015; Hemar & Horne, 2000). For DSE at pH 7.0, the difference in the 

large droplet size before (15.44 ± 0.29 µm) and after adding SDS (15.44 ± 0.34 µm) was not 

significant. The φeff of DSE at pH 7.0 should then be similar to the set 𝜑𝑐𝑜𝑟𝑒 (= 0.625) and was 

probably below or near to its 𝜑𝑅𝐶𝑃 (> 0.64, due to its polydispersity). Therefore, the highest 

G* of the DSE at pH 5.8 could be attributed to the large φeff caused by the thick interfacial layer 

consisting of primary emulsion droplets, while the lowest G* of DSE at pH 7.0 among all 

emulsions could be attributed to its lowest φeff and high polydispersity.  
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For PSE, the previous study showed that the thickness of Ca-CAS-particle layer, h, at the 

oil-water interfaces is ~ 30 nm (Cheng et al., 2022b). Taking the 2ℎ by Ca-CAS-particles as 

0.06 µm (ℎ = 0.03 µm), the calculated φeff was 0.71 and slightly higher than the φcore of 0.7 of 

PSE. This result was consistent with other studies that have used nano-sized protein particles 

(soy β-conglycinin and ovalbumin) as emulsifier in concentrated emulsions where the thickness 

of the interfacial layer had a negligible effect on the viscoelasticity of the emulsion (Xu et al., 

2018, 2019).  

During aging, the G* of PSE increased to ~400 Pa after 7 days at both pH values and then 

did not change during further storage. The G* of DSE at pH 7.0 were 13 ± 3, 32 ± 20 and 443 

± 184 Pa for 7, 14 and 30 days, respectively, which were significantly lower or higher than that 

of the fresh sample. In contrast to DSE at pH 7.0, the G* of DSE at pH 5.8 steadily increased 

with aging time. The G* of DSE at pH 5.8 increased from 1174 ± 28 at fresh state to 1430 ± 

18 Pa after 7 days of aging. The subsequent increase in G* was not significant between 14 

(1650 ± 127 Pa) and 30 days (1686 ± 68 Pa) of aging. The trend of the increase in G* was 

similar between DSE at pH 5.8 and PSE at both pH values, suggesting that the three emulsions 

may follow the same mechanism of re-structuring during aging. The fluctuation of G* from 

DSE at pH 7.0 was possibly a result from the weak and inhomogeneous spatial structure during 

aging for 0-14 days which formed a stable network after 30 days.  

A possible mechanism accounting for the increase in G* of emulsion during storage could 

be the gravity-driven microphase separation and protein-protein aggregation in order to reduce 

the Gibbs free energy in the emulsion (Tadros, 2004). Tadros (2004) suggested that the 

contraction of the droplet network during the storage could be driven by gravity force if the 

droplet size is larger than 1 µm, resulting in phase separation. Between the close contact 

droplets, the droplet-droplet aggregation might occur, resulting in irreversible increase in 
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droplet size as shown in SLS measurements Figure 7-2e. Due to the low zeta potential (6 - 9 

mV absolute) and high electrolyte concentration (20 mM CaCl2) in these emulsions, 

irreversible aggregation between the adsorbed proteins may be caused by calcium ion cross-

linking, electrostatic and/or hydrophobic interactions. Nevertheless, the positive relationship 

between the droplet flocculation and the G′ of emulsions with storage time has been previously 

reported; this is because the droplet clusters with the entrapped aqueous phase enhance the 

effective volume fraction of emulsion, resulting in a greater G′ (Anton et al., 2001; Hayati et 

al., 2007; Tadros, 2004). The G* of DSE at pH 5.8 after 30 days was significantly higher, which 

might be attributed to both the gravity-driven microphase separation and its initial high 

viscoelasticity. 

The stability of emulsion under the large deformation oscillation is shown in Figure 7-4 b-

1&-2, in which G′ and G″ were plotted against the applied strain amplitude at a fixed frequency 

of 1 Hz. Within the LVR, all emulsions exhibited a gel-like behaviour, in which G′ was higher 

than G″, with both G′ and G″ being independent of the applied strain until a certain critical 

strain point. The critical strain point could be defined as both G′ and G″ started to deviate from 

the LVR, which suggested that the sample started to flow. For fresh emulsions (Figure 7-4 b-

1), the maximum strain of the LVR was in the order DSE at pH 5.8 (9.95 ± 0.16 %) > PSE at 

both pH (7.34 ± 1.00 %) > DSE at pH 7.0 (1.60 ± 0.00 %). After 30 days (Figure 7-4 b-2), the 

maximum strain of the LVR of all emulsions was increased as DSE at pH 5.8 (25.57 ± 0.79 %) 

≈ PSE at both pH (25.55 ± 0.12 %) > DSE at pH 7.0 (4.55 ± 0.48 %). Compared to the other 

three emulsions, DSE at pH 7.0 had a weaker inter-droplet interaction at a given storage time 

that was attributed to its broad distribution and low φeff.  
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Figure 7-4: G′ (solid symbols) and Gʺ (open symbols) as (a) a function of frequency and (b) 

as a function of the strain for concentrated emulsion PSE (stabilized by Ca-CAS) and DSE 

(stabilised by primary emulsion) at pH 5.8 and pH 7.0 at (1) 0 day and (2) 30 days aging. (c) 

Complex modulus G* (1Hz) and (d) breaking stress of PSE and DSE at pH 7.0 and 5.8 as the 

function of aging time.  
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7.3.6 Stability of concentrated emulsions against heating 

After heating at 80 °C for 30 min, all the freshly made concentrated emulsions gelled, 

without phase separation, and did not flow when the glass vials were inverted (Figure 7-5a-d). 

The droplet size of heated emulsions in the absence or the presence of SDS is shown in Figure 

7-5e-f. There was no significant difference (P > 0.05) in the size of emulsion droplets both in 

the presence and the absence of SDS before and after heating. This result indicated that 

emulsions coated with Ca-CAS layer or primary droplet layer were stable against coalescence 

during heating.  

The microstructures of the heated emulsion observed by CLSM are shown in Figure 7-5 g-

j. As shown in the confocal images, the size of the core droplets after heating remained similar 

to the size of the fresh emulsion (Figure 7-3a-d-1), confirming that there was no droplet 

coalescence of core droplets stabilized by either the Ca-CAS layer or primary droplet layer 

during heating process.  

For PSE after heating, the droplet network was consisted of the protein-rich and protein-

poor regions (Figure 7-5g-h, insets). In the protein-rich region, two droplet interfaces were 

connected by protein aggregates, or in another words, the protein aggregates were entrapped 

among the droplets. In the protein-poor region, interfaces of the droplets lacked of protein 

signals because these areas were covered by small size protein particles. Some of the droplet 

network of PSE was disconnected in the protein-poor region due to the lack of the large protein 

aggregates to fill the gaps between the droplets. In contrast, the network of DSE was continuous 

and tight. The core droplets was embedded in the matrix and were made up of aggregated 

primary droplets (Figure 7-5i-j, insets). The different network structures for PSE and DSE 

were probably affected by the concentration of the free protein in the continuous phase. As 

compared to that in PSE, the total specific surface area of DSE was larger due to the presence 
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of the primary droplets. The large surface area in DSE, hence, had used most of the Ca-CAS 

for the interface stabilization and a small amount of non-adsorbed Ca-CAS was left in the 

aqueous phase. Upon heating, the non-adsorbed Ca-CAS in PSE could move through the 

crowded droplets and aggregate together due to their small original size about one hundred 

nanometres, resulting in protein aggregates randomly distributed throughout the emulsion. For 

DSE, as most of Ca-CAS had initially adsorbed to the interfaces of the primary droplets, the 

heat-induced aggregation was mainly attributed to the adsorbed protein layers and the free non-

adsorbed Ca-CAS. Given the size of primary droplets was large, the movement of the primary 

droplets in the DSE was hindered by crowded droplets, so that the protein aggregation mainly 

occurred locally between the adsorbed protein layers and non-adsorbed Ca-CAS. Consequently, 

the non-adsorbed Ca-CAS particles and primary droplets formed a matrix which entrapped the 

core droplets. Herewith, the heated emulsion would be seen as an emulsion gel due to the 

coherent three-dimensional network in DSE and in the protein-rich regime of PSE (Nishinari, 

2009).  
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Figure 7-5: Appearance (left panel) of 70 % concentrated emulsions stabilized by (a) Ca-CAS 

at pH 7.0, (b) Ca-CAS at pH 5.8, (c) primary emulsion at pH 7.0, and (d) primary emulsion at 

pH 5.8 in the inverted seal glass vails after heating in oven at 80 °C for 30 min. The average 

droplet size (d4,3) of PSE and DSE at pH 7.0 and 5.8 before and after heating (e) with the 

absence of SDS and (f) with the presence of SDS. 63× Magnification confocal images of 

concentrated emulsion that stabilized by (G) Ca-CAS at pH 7.0, (h) Ca-CAS at pH 5.8, (i) 

primary emulsion droplets at pH 7.0, and (j) primary emulsion droplets at pH 5.8 after heating. 

Scale bar is 20 µm. Insets are associated zoom-in images with scale bar of 10 µm.  

(g) (h) (i) (j) 
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7.3.7 Viscoelasticity of concentrated emulsions after heating 

The changes in the elasticity of the emulsions with the heating temperature were monitored 

by the temperature ramp (Figure 7-6a, inset). The rapid increase in G′ with the increasing 

temperature indicated that the emulsion converted into an emulsion gel. The rapid increase in 

G′ in all the emulsions started at ~ 40 °C, which was consistent with the previously reported 

gelation temperature (~ 40 °C) of caseinate-stabilized emulsions or casein micelles solutions 

in the presence of Ca2+  (Balakrishnan et al., 2018; Dickinson & Casanova, 1999; McCarthy et 

al., 2014). When the temperature arrived to 80 °C, the G′ of all emulsion gels reached a plateau 

level over the time sweep at 80 °C for 30 min. The stable G′ of the emulsion over the holding 

time confirmed that the structure of emulsion gels resisted to heat-induced destabilization, such 

as droplet coalescence, phase separation or syneresis. The gel strength further increased during 

the cooling step, which was possibly attributed to the increase in the strength of hydrogen bonds 

at low temperatures (Cordier & Grzesiek, 2002).  

The subsequent frequency-dependent G′ and G″ of PSE and DSE is plotted in Figure 7-6a. 

The weak frequency dependence of both G′ and G″ suggested that all the heated emulsions 

were weak gels (Gabriele et al., 2001; Ross-Murphy et al., 1993). As compared to the unheated 

emulsion (Figure 7-4a-1), the frequency dependence of the heated emulsion was less 

pronounced (Figure 7-6a) (Tang & Ghosh, 2021). This result was consistent with the 

observations that all emulsions did not flow in the inverted tube after heating (Figure 7-5a-d) 

and the droplets were bridged together after heating (Figure 7-5g-j). 

The gel strength of unheated emulsion and heated emulsions was represented by the 

complex modulus G* at 1 Hz as presented in Figure 7-6b and Table 7-1. The G* of the 

emulsion was significantly increased after heat-treatment compared to that of the unheated 
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emulsions. The gel strength of heated PSE did not show a significant dependency on the pH, 

whereas the gel strength of heated DSE did (Table 7-1).  

The large deformation rheological properties of heat-induced emulsion gels were measured 

by strain sweep as shown in Figure 7-6c, in which G′ and G″ were plotted against the applied 

strain amplitude. All the samples exhibited a gel like behaviours in the LVR, both G′ and G″ 

were independent of the applied strain up to the critical strain point. For all the heated 

emulsions, at a strain close to the critical strain point, the G″ showed the over-shoot feature, 

indicating the presence of droplet compression in the heated emulsion causing the high energy 

dissipation before the breakdown of network (Seth et al., 2011).  

The breaking stress of the unheated and heated emulsions was summarized in Figure 7-6d. 

As shown in Figure 7-6d, the breaking stress of emulsion was significantly increased by the 

heat-treatment, indicating that the heated emulsions had a higher stability towards large 

deformation than the unheated emulsions. The breaking stress of emulsions shared a similar 

trend to their G* suggesting their large deformation behaviour correlated well with the small 

deformation viscoelastic behaviour. It was clear that the greater average G* and breaking stress 

in heated emulsions resulted from the heated-induced protein-protein aggregation (Figure 

7-5g-j) and droplet flocculation (Figure 7-5e-f). Since the heat-induced interactions were 

superimposed on the droplet interactions provided by the adsorbed primary droplet layer, the 

G* and breaking stress of DSE at pH 5.8 were significantly higher than that at pH 7.0.  
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Figure 7-6: (a) The frequency dependence, (c) strain amplitude behaviour, and (e) viscosity of 

G′ (solid symbols) and Gʺ (open symbols) for concentrated emulsion stabilized by Ca-CAS 

and primary emulsion at pH 5.8 and pH 7.0 after heating at 80 °C for 30 min. (b) The complex 

moduli G* (1Hz), (d) breaking stress and (f) intermediate shear rate (1 s-1) viscosity for PSE 

and DSE at pH 7.0 and 5.8 as the function of temperature at 25 and 80 °C.  

(b) (a) 

(d) (c) 
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7.4 Conclusions  

In this study, Ca-CAS particles and Ca-CAS coated nano-sized primary emulsions exhibited 

good dispersion at both pH 7.0 and 5.8, and they were used as emulsifying agents in the 

subsequent 70% oil-in-water emulsion preparation. The viscoelasticity of the concentrated 

emulsion stabilized by Ca-CAS (PSE) was insensitive to pH in the range between 7.0 and 5.8. 

When the primary emulsion was used as the emulsifier to stabilise emulsion (DSE), the 

viscoelasticity of the concentrated emulsion was altered. By lowering the pH from 7.0 to 5.8, 

the adsorption of primary emulsion droplets at the oil-water interfaces was promoted, wgucg 

reduced polydispersity. The thick droplet layer at the surface of the core droplet in DSE formed 

at pH 5.8 increased the effective volume fraction of the core droplet phase by a factor of 1.39, 

whereas the Ca-CAS layer of PSE increase the effective volume fraction of the core droplet 

phase by a factor of 1.01, leading to a ~6-fold higher viscoelasticity of DSE compared to PSE 

in the fresh state.  

After the long-term storage (30 days) and heat-treatment (80°C for 30 min), all concentrated 

emulsions showed excellent stability against droplet coalescence, and transformed into self-

supporting gels. Compared to the other three emulsions, DSE at pH 5.8 exhibited the highest 

viscoelasticity, because the positive effects of aging and heating superimposed on its initially 

high viscoelasticity. The significant increase in the viscoelasticity in the aged emulsions was 

attributed to the gravity-driven microphase separation and droplet flocculation. The droplet 

flocs together with the entrapped aqueous phase led to the increase in effective volume fraction. 

Heating the emulsions to 80 °C led to a dramatic increase in the rheological properties with the 

highest viscoelasticity. With increasing temperature, the hydrophobic interactions between 

proteins increased resulting in protein aggregation between the non-adsorbed proteins 

themselves and/or between the non-adsorbed proteins and absorbed proteins. The touching 
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droplets were associated together through the protein aggregates or primary droplets, forming 

a three-dimensional droplet network. This study provided us with a clear picture of using 

droplet-stabilised interface in improving the mechanical strength of food-graded concentrated 

emulsion.  
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Chapter 8 Overall conclusions, discussion and future 

recommendations 

8.1 Overall conclusions and discussion 

In this project, the overall aim was to understand the formation, stability, and functionality 

of DSE as affected by the type of emulsifier and the environmental stresses. A series of 

experiments were conducted to characterise the physico-chemical properties and structures of 

the material comprising the droplet-stabilised emulsion (DSE), from the protein particles, 

primary emulsion (coated with protein particles) and the resultant DSE (stabilised by primary 

emulsion droplets), as well as to study the stability of DSE at various conditions, such as the 

oil mixing between the surface and core droplet, the droplet destabilisation under simulated 

physiological conditions, and the droplet interaction during long-term storage and heating.  

This research demonstrated that DSE was an oil-in-water emulsion in which the emulsifier 

comprised of nano-sized primary emulsion droplet coated with protein particles, such as whey 

protein microgel (WPM) and Ca2+ cross-linked sodium caseinate (Ca-CAS) particles. The 

WPM particles were obtained by heating 10 wt% whey protein isolate at pH 5.9 with z-average 

hydrodynamic diameters (Dh) of 270.9 ± 4.7 nm. The interfacial tension of WPM particle at 

the oil-water interfaces was approximately 13 mN/m. The WPM particles did not exhibit 

flattening and penetration at the oil-water interface as observed by transmission electron 

microscope. Compared to WPM, Ca-CAS particles can be formed at lower protein 

concentrations and result in smaller particle sizes, which was obtained by mixing the 3 % w/w 

sodium caseinate with 20 mM CaCl2 with a Dh of 132.6 ± 5.0 nm. As measured by small-angle 

X-ray scattering (SAXS), the Ca-CAS particles were self-assembled from the small Ca2+-cross-

linked particles (Rg ~ 6.5‒8.0 nm). The Ca-CAS particles showed a fast adsorption at the oil-



Chapter 8  

246 

water interface, giving an interfacial tension value of 9.54 ± 0.14 mN/m, lower than the 

interfacial tension value of WPM at the oil-water interface. The oil‒water interface stabilised 

by Ca-CAS particles was ~ 30 nm thick as analysed by small angle neutron scattering with 

contrast variation technique (CV-SANS), which was smaller than their corresponding Dh in 

solution ~ 133 nm for Ca-CAS. It was suggesting Ca-CAS particles were flexible and can 

adjust their conformation to cover the interface, leading to efficient film formation. The 

deformation and the spreading of Ca-CAS were similar to that of the flexible casein micelles 

reported in previous studies (Robson & Dalgleish, 1987; Ye et al., 2013b). The interfacial 

properties of protein particles subsequently influenced the structure of the primary emulsion 

droplets as well as the roughness of the DSE interfacial layer. 

The primary emulsions coated by WPM were flocculated with a Sauter mean diameter (d32) 

of ~ 15 µm and a mass fractal dimension of  2.75, as determined by static light scattering 

(SLS), SANS and ultra-SANS (USANS). As probed by USANS, the DSE interface formed by 

the primary emulsion droplets was extremely rough and had a surface fractal dimension value 

of 3.0. The extreme rough interface of DSE was probably due to the formation of a multilayer 

structure by the adsorbed primary emulsion droplets which flocculated with each other prior to 

adsorption. In contrast, the primary emulsions coated by Ca-CAS particles were well-dispersed 

monomodal with a De Broukere mean diameter (d4,3) of < 0.68 μm or a gyration radius Rg of 

0.37 μm as measured by USANS. The subsequent formed DSE was also monomodal 

distribution with a d4,3 values of ~21 µm, which was smaller than that stabilised with WPM-

coated primary emulsion with a d4,3 values of ~32 µm. The soft and flexible protein particles, 

hence, was able to improve the emulsification capability of primary emulsions. The surface 

fractal dimension value was 3.7 for the DSE stabilised by droplets coated with Ca-CAS, 
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indicating a rough interfacial layer; however, it was more compact and smoother than the 

interfacial layer of DSE stabilised by droplets coated with WPM.  

The oil mixing between the surface adsorbed droplets and the core droplet were investigated 

using time-resolved CV-USANS and CV-SANS and the DSE containing d-toluene stabilised 

with Ca-CAS coated soy-oil droplets. The homogenisation process in preparing the DSE 

induced a rapid oil mixing between droplets, resulting in a homogenous mixed oil distributed 

at different length scale in the hierarchical emulsion. In an emulsion by simply mixing the 

primary droplet and large size droplet without external vigorous agitation, the oil mixing 

process was slow down. The droplet collision was responsible for the oil transfer between 

droplets through inducing local synchronous interfacial thinning upon droplet contact. In 

comparison to emulsion containing short-chain length oil stabilised by surfactant (Lee & Pozzo, 

2019; Roger et al., 2015), the protein layer of Ca-CAS particles appeared to slow down oil 

mixing process. It would be interesting to extend this study to the DSE containing long-chain 

length oils to understand the control of oil mixing in DSE preparation and prepared by varying 

the degrees of homogenisation pressure. This knowledge will bring an array of possibilities for 

using emulsions as delivery carriers and controlling the location of active compound in a 

hierarchical emulsion.  

The effect of the droplet layer (consisted of Ca-CAS and soy oil) on the structural stability 

and on the FFA release of DSE was studied using in-vitro simulated digestion models 

consisting of dynamic stomach digestion and static intestinal digestion. A Ca-CAS-stabilised 

emulsion (PSE) was used as a control, with a similar droplet size distribution and the same 

composition as the DSE. This study demonstrated that under gastric pH close to the isoelectric 

point of caseins (~ pH 4.6), the dense and thick interface layer composed of small emulsion 

droplets prevented the emulsions from flocculation and coalescence. In contrast, the 
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polydisperse emulsion stabilized by CA-CAS particles showed extensive droplet flocculation 

and coalescence which was similar to conventional casein-stabilized emulsions (Wang et al., 

2019; Ye et al., 2020). The droplet-stabilised interface of the emulsion contributed to a smaller 

droplet size after gastric digestion. The extent of the lipid digestion was mainly associated with 

the droplet size distribution in the emulsions emptied from the stomach, thus leading to a 

slightly greater amount of FFA release from the DSE during the small intestinal digestion. In 

addition, the polydisperse droplets resulted in different rates of FFA release during the 

intestinal digestion, with the smaller droplets having a faster rate of FFA release at the 

beginning of the digestion. The droplet-stabilised interfaces of DSE were disassembled and 

resulted in polydisperse emulsion droplets in the small intestinal phase. This study provides 

useful information for designing novel food structures with controlled digestibility, while 

promoting the understanding on the digestion of the polydisperse emulsion systems consisting 

of a broad range of droplet sizes. 

The modification of the interfacial layer from the conventional protein layer to droplet layer 

has also affected the rheological properties of emulsion. Meanwhile, environmental conditions 

including pH, storage time and temperature can further modulate the rheological properties of 

emulsions. In this study, Ca-CAS particles and Ca-CAS coated primary emulsions were used 

as emulsifiers in the 70% oil-in-water emulsion preparation at both pH 7.0 and 5.8. The 

viscoelasticity of the concentrated emulsion stabilized by Ca-CAS (PSE) were insensitive to 

pH in the range between 7.0 and 5.8. In contrast, the viscoelasticity of the concentrated DSE 

was improved with increasing adsorption of primary emulsion by lowering the pH from 7.0 to 

5.8. The thick droplet layer of DSE formed at pH 5.8 increased the effective volume fraction 

of the core droplet phase by a factor of 1.39, whereas the Ca-CAS layer of PSE was thin and 

increased the effective volume fraction of the core droplet phase by a factor of 1.01. The greater 
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effective volume fraction of DSE resulted in the higher viscoelasticity of DSE, which was ~6-

fold higher compared to PSE at fresh state. After the long-term storage (30 days) and heat-

treatment (80°C for 30 min), all concentrated emulsions were self-supporting gels and showed 

excellent stability against droplet coalescence. The significant increase in the viscoelasticity in 

the aged emulsion was attributed to the gravity-driven microphase separation and droplet 

flocculation. The droplet flocs together with the entrapped aqueous phase led to the increase in 

effective volume fraction. Heating the emulsions to 80 °C led to a dramatic increase in the 

rheological properties. At the increasing temperature, the hydrophobic interactions between 

proteins were increased, resulting in protein aggregation between the non-adsorbed proteins 

themselves and/or between the non-adsorbed proteins and absorbed proteins. The touching 

droplets were associated together through the protein aggregates or primary droplets, forming 

a three-dimensional droplet network. The highest viscoelasticity of DSE at pH 5.8 after aging 

and heating was because the positive effects of aging and heating superimposed on its initially 

high viscoelasticity. This study provided a clear picture of how droplet-stabilised interface can 

be used in improving the mechanical strength of food-graded concentrated emulsion. 

Overall, the structure and interfacial properties of the protein particles played a crucial role 

in the formation and structure of the primary emulsion and the DSE. By controlling the excess, 

non-adsorbed protein, and pH in the aqueous phase of the primary emulsion, the adsorption of 

primary emulsion droplets onto the surface of DSE core droplets was tuneable, and thus the 

digestion behaviour and rheological properties of DSE was adjustable. In addition, in this 

project the oil molecules transportation between the surface and the core droplets of DSE was 

investigated, extending the length scale of the study of oil-exchange from the conventional 

nanoscale to the micron scale by improving the methodology of CV-USANS. The information 
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gained from this project will contribute to the development of various functional foods using 

structured emulsions with new and adjustable interface design. 

8.2 Recommendations for future work 

8.2.1 Protein particles 

Protein particles derived from other animal sources (e.g., egg and fish), or plant and 

microbial based sources can be considered to use to form the droplet-stabilised emulsion as the 

alternative to milk-protein-based emulsion foods. By controlling the density of the cross-

linking (e.g., Maillard glycation, pH, divalent ions, cross-linkers) within the protein particles, 

the adsorption behaviour of protein particle-coated primary emulsion droplets and the 

interfacial layer structure of DSE will be altered. A relationship between the interfacial 

rheology of the protein particles/primary emulsion droplets and the bulk rheology of the DSE 

would be of interest.  

8.2.2 Oil mixing study 

In Chapter 5, we established a method for in-situ monitoring of the exchange of oil 

molecules between different droplets. As the chain-length of the oil affect to the kinetics of oil 

transportation, it is recommended to use isotopic (D/H) long-chain n-alkanes with chain-

lengths comparable to those of edible oils to further validate the mixing process between 

surface and core oils in DSE. It is recommended to consider the effect of factors such as input 

energy, temperature, type of protein particles, concentration of primary emulsions, and 

viscosity of the continuous phase of primary emulsions on the extent of oil mixing. 

8.2.3 Emulsion rheology 

DSE has been demonstrated to form an emulsion gel after heating, with an enhanced gel 

strength than traditional protein-stabilised emulsion at given compositions. It is recommended 
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to compare the rheological properties of the DSE gel formed with different concentration of 

primary emulsion, as well as formed with different types of proteins (rigid vs. soft). Moreover, 

the polysaccharides, such as charged pectin or neutral starch, could be involved in the gel 

system. The interactions and concentration ratio between the DSE droplet and polysaccharides 

could modulate the gel strength and affect sensory perception, gel breakdown, protein 

hydrolysis, lipid digestion and bioaccessiblity of bioactive compounds.  

8.2.4 Emulsion digestion 

In the current study, the emulsion digestions had been conducted on the liquid emulsion. It 

is recommended to extend the digestion study to semi-solid emulsion gels that consisting of 

different compositions (e.g., proteins, oils, and polysaccharides) and structures. In the digestion 

of semi-solid samples, it is recommended to use an integrated digestion model that includes 

oral, gastric, and intestinal phase, because the digestion behaviour is affected by the breakdown 

of the structure since the oral phase. 
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