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Abstract 

 

Novel emulsions with useful attributes such as improved stability, clarity and 

label friendliness were investigated in this thesis. Overall, this thesis has three parts: the 

first part systematically studied the formation and optical properties of nanoemulsions; 

the second part focused on formation and beverage cloud application of multilayer 

emulsions; and the third part evaluated the formation, stability and beverage cloud 

application of multiple phase emulsions.  

          In part 1, nanoemulsions were prepared using four different food grade 

biopolymers (different concentrations) and high pressure homogenization 

(Microfluidizer
®
, different pressures, temperature and number of passes). It was found 

that increasing number of passes through the microfluidizer led to a wider particle size 

distribution. The effect of oil types on mean droplet diameter (MDD) was complex being 

dependent on the emulsifier, homogenization pressure, phase viscosity and number of 

passes. It was also found that interface composition, relative refractive index, volume 

fraction of dispersed phase and droplet size influenced the turbidity. A polynomial 

relationship was found between MDD and turbidity within the MDD range of 80 to 400 

nm. The effects of lipid phase and interface composition on turbidity were droplet size 

dependent. A linear relationship between volume fraction of dispersed phase and 

turbidity was established. Experiment results demonstrated that matching refractive 

indices between phases led to clear emulsions. Finally the primary destabilization 
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mechanism of MCT nanoemulsions emulsified with modified starch was identified as 

coalescence from a two-week shelf life study.  

          In part 2 of this thesis, the ability to prepare secondary and tertiary beverage cloud 

emulsions using a layer-by-layer deposition technique was developed. Proteins, β-

lactoglobulin (L) and sodium caseinate (S), were selected to stabilize the primary 

emulsions. Biopolymers of sodium alginate (S), ι-carrageenan (C), gum Arabic (G), 

pectin (P), chitosan (Ch) and gelatin (Ge) were evaluated as secondary and tertiary layers. 

Biopolymer concentration and pH were found critical to the formation of stable 

multilayer emulsions. Protein and polysaccharide type also impacted droplet size and δ-

potential of multilayer emulsions. Interestingly, β-lactoglobulin was found better than 

sodium caseinate in forming protein-polysaccharide interfacial complexes as 

demonstrated by smaller MDD of LA, LP and LC than those of SA, SP and SC. It was 

also found biopolymer concentration has to be above a critical value (0.2 ~ 0.5% w/w) to 

prevent multilayer emulsions from bridging flocculation. Our data showed that both 

secondary (LA, LC, LG) and tertiary (LGC) emulsions formed by electrostatic deposition 

could provide the same performance as traditional emulsifiers of gum Arabic (G) and 

modified starch (M). After four weeks of storage at room temperature, beverage clouds 

stabilized with G, M, LA, LC, LG and LGCh showed MDDs of 0.68, 0.67, 0.90, 0.82, 

0.65 and 2.2 μm, respectively, and turbidity losses of 18, 28, 22, 19, 25 and 17%, 

respectively. 
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          In part 3 of this thesis, water-in-oil-in-water emulsions (W/O/W, also called double 

emulsions) were studied using a concentrated sucrose solution as a natural weighing 

agent to increase the density of the oil phase. The results indicated that MDD of W/O 

emulsions decreased with increasing emulsifier (polyglycerol polyricinoleate, PGPR) 

concentration.  Homogenization pressure and number of passes through a microfluidizer 

affected MDD, size distribution and encapsulation efficiency (EE) of yellow #6 (included 

in the water phase as a marker to measure EE). The hydrophilic emulsifier type and oil 

phase showed great impacts on EE and stability of the W/O/W emulsions. A high EE 

(>85%) was achieved in gum acacia (GA) stabilized double emulsions whereas Tween 20 

and modified starch (MS) stabilized double emulsions showed low EE (< 50%) 

demonstrating that the type of hydrophilic emulsifier is a critical factor governing 

stability of double emulsions. Gelling the inner aqueous phase proved to be ineffective in 

improving EE and stabilizing double emulsion in this study. 

          Results on beverage cloud applications of W/O/W emulsions indicated that GA 

stabilized emulsions are more stable to turbidity loss and ring formation than those 

stabilized by MS. Beverage clouds containing OT-based W/O/W emulsions without 

gelling the inner phase showed low turbidity loss during shelf-life without ring formation 

demonstrating potential commercial value of these emulsions.  
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1 .1 Introduction 

 

         Nanoemulsions are gaining increasing attention in food industry as a novel 

delivery system for lipophilic materials (e.g., fatty acids, polyphenols, natural colors, and 

flavors) (1-6). The potential benefits of food nanoemulsions include optical clarity, good 

stability to gravitational separation, flocculation and coalescence, and improved 

absorption and bioavailability of functional components (7-10). A deeper understanding 

of the basic physiochemical properties of food nanoemulsions would, therefore, provide 

key information to better guide formulation and application of nanoemulsion to food 

products. Considering the significant commercial applications of food nanoemulsions, 

elucidating mechanisms that govern the formation and stability of flavor nanoemulsions 

would be useful. 

          The aim of this review is to discuss the formation and physical properties of 

nanoemulsions. The review will start with the basic theories of nanoemulsion formation, 

characterization, and stability and then discuss potential applications of them. 

  

1.2. Classification of emulsions 

 

          Generally, an emulsion consists of two immiscible liquids with one of the liquid 

being dispersed as small droplets in the other (11-12). A number of different terms are 

commonly used to describe different types of emulsions and it is important to clarify 
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these terms (Table 1.1) (13-16). The range of droplet size for each type of emulsion is 

quite arbitrary and is defined in terms of the physical and thermodynamic properties of 

emulsions. A conventional emulsion, also known as a macroemulsion, typically has a 

mean droplet diameter (MDD) between 100 nm and 100 µm. Macroemulsions are the 

most common form of emulsions used in food industry and are found in a variety of  

products, including milk, beverages, dressings, mayonnaises, dips, sauces, and desserts. 

Macroemulsions are prone to physical instability (e.g., gravitational separation, 

flocculation, and coalescence), especially when exposed to environmental stresses (17-

20).  

 

Table 1.1 Properties of different types of emulsions (Reprinted from Ref. 13) 

Emulsion type Diameter Thermodynamic 

Stability 

Surface-to-mass 

ratio (m
2
/g) 

Appearance 

Macroemulsion 0.1-100 µm Unstable 0.07-70 Turbid 

Nanoemulsion 20-100 nm Unstable 70-330 transparent 

Microemulsion 5-100 nm Stable 330-1300 Transparent 

 

          In general, nanoemulsions are dispersions of nanoscale droplets with a MDD 

between 20-100 nm. It is worth noting that in old days “miniemulsion” was also used to 

refer to emulsions comprised of submicron droplets (21-23). In contrast to nanoemulsions, 

miniemulsions have droplets in the range from 100 nm to 1 µm. Because miniemulsions 
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and macroemulsions have similar thermodynamic and physical properties, it is reasonable 

to put them in the same category, macroemulsions. Both nanoemulsions and 

macroemulsions are thermodynamically unstable.  

          A microemulsion is a thermodynamically stable system and forms spontaneously 

with droplet size between 5 to 50 nm (13). Researchers commonly believe that 

nanoemulsions are the same as microemulsions since they both typically contain oil, 

water, and surfactant and also have similar MDD. However, the two systems are very 

different since nanoemulsions are formed by mechanical shear and microemulsions are 

formed by self-assembly. A mixture of the right amount of water, surfactants and oil may 

spontaneously form a microemulsion (24-28). The main difference between 

microemulsions and microscale emulsions is not composition but rather thermodynamics 

(15, 29). Although extensive research on microemulsions has been conducted, the 

formation mechanism is still not well understood (30).    

 

1.3 Formation of nanoemulsions 

 

          Compared to microemulsions, relatively little is known about creating and 

controlling nanoemulsions. This is primarily because extreme shear has to be applied to 

overcome the effects of surface tension to rupture the droplets into a nanoscale regime, 

which is beyond the capability of ordinary mixing devices (15). Fortunately, the 

development of high pressure homogenizers in the past 10 years makes it possible to 
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explore nanoemulsions. Nanoemulsions show interesting delivery properties ranging 

from lipophilic materials to flavors and optical properties ranging from opaque to nearly 

transparent, which drives increasing research activity in nanoemulsion (31-34).  

          Nanoemulsions are non-equilibrium systems and cannot form spontaneously (35, 

36). Consequently, energy input, generally from a mechanical device or from the 

chemical potential of the components, is required. As with conventional emulsions, 

nanoemulsions are usually prepared by homogenizing an oil phase and an aqueous phase 

together in the presence of water soluble emulsifier(s). Under mechanical energy, the 

interface between the two phases is deformed to such an extent that droplets form and 

they are subsequently broken up or disrupted into smaller ones. The formation of 

conventional emulsions and the role of emulsifiers have been well documented (12, 37-

40). However, a number of special factors must be taken into account to produce stable 

nanoemulsions. 

 

1.3.1 Homogenization devices 

 

          Emulsions are dispersions of one liquid phase in another immiscible phase that are 

made using mechanical shear. Figure 1 shows the process of emulsion formation. Due to 

differences in attractive interactions between the molecules of the two phases, an 

interfacial tension, σ, exists between the two liquids everywhere they are in contact 

shown in Figure 1.1 (a). Surfactants tend to deposit onto the oil-water interface due to 
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their amphiphilic structure and reduce interfacial tension shown in Figure 1.1 (b). In 

Figure 1.1 (c) mechanical shear is applied to homogenize the two phases. The energy 

required to create interfacial area, A, between the two liquids is σ A. The relationship 

between interfacial area and droplet radius is given in equation 1.1.  

 

 

Figure 1.1 Formation of oil-in-water emulsions. (a) Two separate phases, oil and water. 

(b) A surfactant soluble in water phase and adsorb on the interface. (c) Shear is applied to 

form oil droplets. (d) Emulsion is formed. Reprinted from Ref. (15). 

 

 

                                                                                    [1.1] 

 

Where A is interfacial area, m is the mass of oil phase, ρ is the density of oil phase, and d 

is the droplet diameter. With a fixed volume fraction of oil phase, A is inversely 

d
mA

6
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proportional to d. In order to better understand the effect of droplet diameter on 

interfacial area, Figure 1.2 shows the plot of A vs. d with orange oil as an example. A 

increases seven times from 5 to 35 m
2
/g when d decreases from 500 to 100 nm. 

Considering such a large A for extreme small droplet, intense energy and high shear rate 

are needed during homogenization to create nanoemulsions.  

 

 

Figure 1.2 Relationship between droplet diameter and specific surface area of oil 

droplets. Calculation based on orange oil emulsion; Asp stands for specific surface area 

with the unit m
2
/g. 

          In a simplest case where the dispersed phase viscosity, εd, can be ignored, the 

diameter, d, of ruptured droplet is determined by Taylor’s formula (41). 

 

                                                                                                  [1.2] 
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Where εc is viscosity of continuous phase, γ is the shear rate and σ is the interfacial 

tension. Based on the Taylor estimate, it is possible to predict the shear rate required to 

form nanoemulsions. Assuming the interfacial tension is σ = 10 dyn cm
-1

 and continuous 

phase viscosity is εc = 1.0 mPa.s for an oil-in-water emulsions, a shear rate of γ = 1×10
8
 

s
-1

 is required for producing nanoemulsions with d = 100 nm. This shear rate is generally 

out of the range of most common mixing devices (e.g., overhead mixer 10
3-4

 s
-1

 (42), 

rotor stator mixer 10
4-5

 s
-1

 (43, 44) and sonicator 10
6-7

 s
-1

 (44, 45)). Considering the 

practical difficulty in obtaining such extreme shear rates, only three methods are 

commonly used for high-throughput production of nanoemulsions: high frequency 

ultrasonication, homogenization by high pressure valve homogenizer, and 

microfludization.  

 

1.3.1.1 Ultrasonication 

 

           One of the first applications of ultrasound was to make emulsions and the first 

patent on this technology is more than fifty years ago (46).  Since then, different types of 

ultrasonic devices have been developed for emulsion applications. Cavitation is the main 

phenomenon of ultrasonically induced effects, which is the formation and collapse of 

vapor cavities in a flowing liquid (47, 48). Two mechanisms are proposed for ultrasonic 

emulsification. First, the application of an acoustic field produces interfacial waves 

resulting in the dispersion of the oil phase in the continuous phase in the form of droplets 
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(49). Secondly, the application of ultrasound causes acoustic cavitation causing the 

formation and subsequent collapse of microbubbles by the pressure fluctuations of a 

simple sound wave, which creates extreme levels of highly localized turbulence. 

Therefore, the turbulent micro-implosions break up primary droplets into sub-micron size 

(50). Since the emitted sound field is typically inhomogeneous in most ultrasonic devices, 

it is necessary to recirculate the emulsions through the region of high power so that all 

droplets experience the highest shear rate.   

          The preparation of nanoemulsions by ultrasonics is well documented by Kentish et 

al. (51). The results showed that flaxseed oil MDD as low as 135 nm were achieved in 

the presence of Tween 40 as surfactant. As an emerging technology for nanoemulsion 

production, ultrasonics is comprehensively compared with microfluidization by Jafari et 

al. (47, 48). The general conclusion is that nanoemulsions produced by ultrasonication 

show wider and bimodal size distributions and greater dependence on coarse emulsion 

preparation methods than do those prepared using microfluidization. It is worth noting 

that all these researchers use small lab scale ultrasonic experimental set-ups. Commercial 

ultrasonic devices for nanoemulsion applications are not directly available since there are 

some design issues to be solved (33, 51).  

 

1.3.1.2 Homogenization by high pressure valve homogenizer 
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          High pressure valve homogenizers are the most commonly used devices to produce 

fine emulsions in the food industry. The oldest application is for milk processing to 

reduce the size of fat globules. A coarse emulsion is usually produced using a high speed 

mixer and is then fed into the input of a high pressure valve homogenizer. As it enters the 

gap between the valve and the valve seat (Figure 1.3), the flow velocity is increased 

rapidly. Homogenization is completed in the area between the valve and the seat, where 

the emulsion experiences a combination of intense disruptive forces that cause the larger 

droplets to be broken down to smaller ones. The combination of two theories, turbulence 

and cavitation, explain the droplet size reduction during the homogenization process (52-

54). The high velocity gives the liquid high energy in the homogenizer valve and 

generates intense turbulent eddies of the same size as the MDD. Droplets are thus torn 

apart by these eddie currents resulting in a reduction in droplet size. Simultaneously, due 

to considerable pressure drop across the valve, cavitation occurs and generates further 

eddies disrupting droplets. Decreasing the gap size increases the pressure drop, which 

causes a greater degree of cavitation. Emulsion droplet diameters as small as 100 nm can 

be produced using this method if there is sufficient emulsifier present to completely cover 

the oil-water interface formed and the adsorption kinetics is high enough to prevent 

droplet coalescence (12).   
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Figure 1.3 Schematic of high pressure valve homogenizer. Reprinted from Ref. 12.  

 

          In the last ten years homogenization technology has advanced so much that high 

pressure homogenization devices are available from lab, pilot to production scales. This 

technological progress is reflected by an increasing number of publications on food 

nanoemulsions in the past two years (55-62). Recent literature shows that lab-scale 

nanoemulsions can be prepared using different types of high pressure valve 

homogenizers.  An APV lab unit was reported to be able to make milk fat fraction 

nanoemulsions (55) and palm-based lipid nanodispersions with MDD as small as 98 nm 

(56). Mao et al. (57, 58) and Yuan et al. (59, 60) reported the preparation of β-carotene 

nanoemulsions using a Niro-Soavi Panda homogenizer. At optimal conditions, β-carotene 

nanoemulsions prepared had a MDD of 121 nm. A lab unit of EmulsiFlex also could be 

used to prepare orange oil nanoemulsions (61) and curcumin nanodispersions (62). This 
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research demonstrates that it is feasible to prepare nanoemulsions by using high pressure 

valve homogenizer. 

 

1.3.1.3 Microfluidization 

 

          Microfluidization is most commonly used in the pharmaceutical industry for the 

production of fine emulsions (63, 64). Recently it has been used to produce flavor 

emulsions and homogenize dairy products (65-67). In the microfluidizer processor shown 

in Figure 1.4, a coarse emulsion is pumped under high pressure (up to 40,000 psi/270 

MPa) through a patented interaction chamber with microchannels of fixed geometry. Two 

jets of crude emulsions are accelerated at high velocities from two opposite channels 

collide with one another creating tremendous shearing action (69). In general, inertial 

forces in turbulent flow along with cavitation are predominantly responsible for droplet 

disruption (47, 48).  These extreme shear rates and impact effects create exceptionally 

fine emulsions.   
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Figure 1.4 Schematic of microfluidizer processor configuration. Reprinted from Ref. 68. 

 

 

Figure 1.5 Shear rate of a microfluidizer as a function of pressure and chamber diameter. 

L30Z and F20Y have chamber dimensions of 300 and 75 µm, respectively. Data from 

Ref. 68. 
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          The key component of a microfluidizer is the fixed geometry interaction chamber 

where the size reduction operation takes place. Various interaction chamber types and 

sizes are available for different applications. Y-type chambers are commonly used in 

emulsion applications. The fluid channels have typical dimensions in the range of 50 - 

300 µm where sample velocities reach over 400 m/s. Shear rates inside the chamber can 

be as high as 10
7
 s

-1
. Figure 1.5 (68) shows shear rate of a Microfluidizer as a function of 

pressure and chamber diameter. Shear rate increases with a decrease in channel 

dimensions or increases in pressure. The extremely high shear generated under high 

pressure makes it possible to produce nanoemulsions.  

          There are numerous studies regarding the application of a Microfluidizer in milk 

and dairy model emulsions (70-72). Research results have shown that the droplet size 

distribution appeared to be narrower and smaller in Microfluidized emulsions than in 

conventional homogenization devices (47, 71, 73). Due to the high efficiency of droplet 

disruption, Microfluidizers are being used to prepare nanoemulsions. Jafari et al. (47) 

reported the production of d-limonene nanoemulsions with the size range D32 (surface 

weighted) of 150-700 nm using a microfluidizer at the pressure range of 35 ~ 105 MPa. 

Mason et al. (74) and Meleson et al. (36) demonstrated that silicone oil nanoemulsions as 

small as 50 nm stabilized by sodium dodecylsulfate (SDS) can be formed by using a 

Microfluidizer. Very recently, Yuan et al. (59, 60) showed that β-carotene nanoemulsions 

with MCT (medium chain triglyceride) as carrier could be formed using Tween 20 as 

emulsifier at homogenization pressures ranging from 80 ~ 130 MPa. Clearly, these 
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publications provide evidence that microfluidization is a powerful tool to manufacture 

nanoemulsions. 

 

1.3.2 Emulsifier  

 

         Emulsifiers are amphiphilic molecules with both hydrophilic and lipophilic 

portions, which help stabilize emulsions by adsorbing at the particle interface. The 

hydrophilic portions align themselves within the lipid phase, while the lipophilic portions 

align in the water phase. Extensive information on food emulsifiers and their applications 

is provided by Hasenhuettl and Hartel (75).  

 An effective emulsifier should have three general characteristics: 1) rapidly 

adsorb to the oil/water interface of newly formed droplets during homogenization; 2) 

substantially reduce the interfacial tension; and 3) form an interfacial membrane to 

stabilize the emulsion by steric or electrostatic interactions between droplets. A number 

of food components exhibit these characteristics and can be used as emulsifier (e.g.; 

lecithin, proteins, gums, modified starches, phospholipids, etc.). However, these 

emulsifiers vary considerably in their molecular structure, which influences their ability 

to form and stabilize emulsions, as well as to withstand environmental stresses, such as 

variations in ionic strength, pH, and temperature. It is disappointing that little research 

was conducted to systematically evaluate performance of different types of emulsifiers 

and no standard criteria has been established to assess their efficiency for specific 
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applications. Emulsifier performance is one of the most important factors determining the 

formation and stability of nanoemulsions and several special emulsifier characteristics 

have to be considered in selecting emulsifiers for producing nanoemulsions which is 

discussed below. 

 

1.3.2.1 Adsorption kinetics 

 

          The physiochemical properties of an emulsifier play a key role in the formation of 

nanoemulsions. One of the most important characteristics is fast adsorption kinetics to the 

oil-water interface. The emulsification process involves both the creation of new droplets 

and frequent collisions between droplets. The MDD of an emulsion is the result of 

competition between the two oppositely directed processes: 1) breaking of droplets into 

smaller ones by shear; and 2) coalescence of the newly formed droplets into larger ones 

upon collision. During homogenization, emulsifiers tend to adsorb at the droplet interface 

and thus to protect them against coalescence. The rate of emulsifier adsorption should be 

large enough to guarantee obtaining a sufficiently high coverage of the oil-water interface 

during the extremely short period between droplet formation and subsequent collisions 

where coalescence may occur. Unfortunately, experiments on the rate of adsorption of 

surfactant molecules or macromolecules at the oil-water interface during homogenization 

are scare. This is due to the experimental difficulties encountered in monitoring 

interfacial changes at short time intervals (37).   
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          Emulsifier adsorption kinetics is directly related to the characteristic time of 

diffusion (τD) of an emulsifier to the interface (76, 77). As τD decreases, the mobility of 

emulsifier in the bulk phase increases and consequently the rates of adsorption at the oil-

water interface increases. Figure 1.6 provides a good example demonstrating effect of 

molecular weight of methylcellulose molecules on their τD to a water-sunflower oil 

interface. Obviously methylcellulose with lower molecular weight showed faster 

adsorption kinetics compared to that with high molecular weight. Though τD is 

determined by many factors (e.g., emulsifier structure, temperature and bulk viscosity, 

etc.), generally small emulsifiers have faster adsorption kinetics and helps to form 

nanoemulsions, which is supported by the fact that most research on food nanoemulsions 

used Tweens, instead of food biopolymers, as emulsifier.  

 

 

Figure 1.6 Average molecular weight and characteristic time of diffusion of 

methylcellulose molecules to a water-sunflower oil interface. Data from Ref. 76. 
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1.3.2.2 Reduction of interfacial tension 

 

          Another important role of emulsifier during homogenization is a reduction of 

interfacial tension. Emulsifier molecules diffuse to the interface of newly formed droplet 

and lower the interfacial tension to facilitate further rupture of droplet. According to 

Taylor’s formula, the typical size of a ruptured drop is proportional to the interfacial 

tension, σ. The greater the reduction of interfacial tension, the smaller the droplets that 

can be produced during homogenization at a certain energy input. The presence of 

emulsifier lowers the interfacial tension of triglyceride-water interface from about 30 

mN/m to 1~ 20 mN/m depending on emulsifier type and concentration (78). Figure 1.7 

demonstrates how the concentrations of Tween 20 and β-lactoglobulin affect interfacial 

tension of corn oil-water system with an oil volume fraction of 0.4. Interfacial tension of 

β-lactoglobulin surrounded droplets is three times that of Tween 20. From this point of 

view, Tween 20 is more effective to prepare nanoemulsions than β-lactoglobulin because 

less energy is required to disrupt the droplets. Therefore, an evaluation of dynamic 

interfacial tension could be used to screen emulsifier candidates for nanoemulsions. 
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Figure 1.7 Effect of concentration of Tween 20 and β-lactoglobulin on dynamic 

interfacial tension of corn oil/water interfaces. Data from Ref. 79; interfacial tension was 

measured using a drop shape analysis method.  

 

1.3.2.3 Formation of interfacial membrane 

          The formation of a strong interfacial membrane is also an important factor for 

producing nanoemulsions. During high pressure homogenization, droplet collisions occur 

more frequently than under low pressure emulsification methods. The droplet 

coalescence rate was found to be higher at higher homogenization pressure due to larger 

turbulent squeezing force (80). Therefore, the formation of a robust interfacial membrane 

is critical for producing nanoemulsions.  

 A number of mechanisms have been suggested for coalescence hindering during 

homogenization. Surface coverage is the first factor to prevent droplet coalescence. The 
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equilibrium. A special term, Γ, is used to describe the interfacial loading of emulsifiers: Γ 

= n/A, where n is the number of emulsifier molecules and A is the interfacial area. Larger 

Γ means better interfacial coverage. To a large extent, Γ is determined by adsorption 

kinetics and the concentration of emulsifier molecules before droplet collision. Therefore, 

the use of a higher concentration of emulsifiers with fast adsorption kinetics contributes 

to higher interfacial load of emulsifiers and thus a reduction in droplet coalescence. 

          Another mechanism, albeit controversial, to minimize coalescence during 

homogenization is electrostatic forces. Generally it is accepted that strong electrostatic 

force provides a wall like repulsion to prevent coalescence (81, 82). Hakansson et al. (81) 

showed that coalescence could be hindered by electrostatic repulsion in a high pressure 

homogenizer by using a dynamic simulation model. However, Walstra (83) stated that 

electrostatic forces can never be sufficiently strong to prevent drop coalescence because 

the stabilizing force is in the order of 100 times weaker than aggregating pressure under 

turbulent conditions in a high pressure homogenizer. The controversy on the role of 

electrostatic repulsion might be attributed to the difference in process conditions, 

homogenization devices, and emulsion systems. Overall, a highly charged emulsifier with 

fast adsorption kinetics might be beneficial to minimize coalescence during 

nanoemulsion formation. 

 

1.3.3 Viscosity of phases 
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          The experimental difficulty of considering all parameters involved in the 

emulsification process makes it hard, if not impossible, to create a universal mathematical 

model for predicting droplet size during high pressure homogenization (81, 82). 

However, the simplified equation developed by Taylor provides valuable information that 

emulsification relies not only on shear rate but also rheological properties of the phases 

(84). Taylor’s equation has particular significance for producing nanoemulsions because 

in practice, it is much easier to alter phase viscosity than produce extreme shear. 

Experiments have shown that it is very important to ensure that the ratio of 

disperse/continuous phase viscosity (εd/εc) is in an optimal range to facilitate droplet 

disruption and form small particles (12, 85, 86). It was proposed that when εd/εc is too 

high, droplets are more resistant to disruption as there is insufficient time to deform 

before the flow field causes the droplet to rotate (12). 

          In practice, εd/εc can be controlled by altering the composition of either the oil 

phase (e.g., by mixing low- and high- viscosity oils) or the aqueous phase (e.g., by 

mixing emulsifier and viscous cosolvents with water). Alternatively, εd/εc can be tailored 

by controlling homogenization temperature because phase viscosities decrease rapidly 

with increasing temperature.   

 

1.4 Stability of nanoemulsions 
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          Emulsions are thermodynamically unstable due to their large interfacial energy. 

However, they can be kinetically stable for considerable periods of time. The stability of 

emulsions is determined by their resistance to changes in physicochemical properties 

over time. Physically, emulsions can be destabilized by creaming, flocculation, 

coalescence, and Ostwald ripening. Oxidation and degradation of emulsion components 

are major causes of chemical destabilization of emulsions, which is beyond the scope of 

this review.  Compared to macroemulsions, nanoemulsions are more resistant to 

creaming, flocculation and coalescence due to the small droplet size. In contrast, Ostwald 

ripening is the main stability problem for nanoemulsions due to the difference in free 

energy among droplets of different size. In the following section, nanoemulsion stability 

is discussed in detail. 

 

1.4.1 Creaming 

           

          Creaming is the separation of oil droplets as a layer at the top of emulsion due to 

the density difference between the continuous and dispersed phases (12, 87, 88). The rate 

of creaming in dilute emulsions can be predicted using Stokes’ law (12). 

 

 

                                                                                                  [1.3] 
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          Where ν is the creaming velocity of the droplet, ρw is the aqueous phase density, ρ0 

is oil phase density, r is radius of the droplet, εc is viscosity of continuous phase, and g is 

the acceleration due to gravity. Stokes’ law captures the essence of creaming 

phenomenon of emulsions and also provides solutions to prevent creaming by reducing 

droplet size, and phase density contrasts, and increase continuous phase viscosity. The 

very small droplet size of nanoemulsions causes a large reduction in the gravity force and 

Brownian motion may be sufficient to overcome gravity, which means that 

nanoemulsions are stable against creaming or sedimentation during storage (13, 89, 90).   

 

 

Figure 1.8 Creaming velocity of emulsions. Calculation is based on Stokes’ law and 

assumptions of ρw =1.0 g/ml, ρ0 =0.84 g/ml, and εc =1.0 mPa·s. 
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          Generally a low value of ν (e.g., < 1 mm/day) would be adequate to provide a 

stable emulsion (91, 92). Figure 1.8 shows calculated creaming velocity as a function of 

droplet radius based on Stokes’ law. Clearly, nanoemulsions with a MDD around 100 nm 

have a creaming velocity far below 1 mm/day while the creaming velocity will be above 

1 mm/day for emulsions with radius about 200 nm. Therefore, nanoemulsions with a 

small fraction of droplets with large radius (e.g., > 200 nm) may have creaming issues. 

This demonstrates how important a narrow droplet size distribution is to prevent 

creaming of nanoemulsions.   

 

1.4.2 Flocculation and Coalescence 

 

          When two drops collide, different results can occur depending on the 

intermolecular forces between two drops (12, 90): 1) they can flocculate if the 

intermolecular repulsive forces are sufficiently strong to keep the droplets separated at a 

small equilibrium distance; or 2) they can coalescence if the interfacial membrane 

ruptures. It was shown that the drop-drop interactions depend on both droplet size and 

interfacial properties. In food applications, electrostatic interactions between droplets are 

influenced by many factors (e.g., emulsifier type, charge density, pH and salt 

concentration), so it is more practical to consider steric interactions induced by an 

adsorbed interfacial membrane (89, 90 ).  
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          When two droplets with interfacial membrane thickness of δ approach to a distance 

h, total energy of interactions G is determined by three forces (90): 1) repulsive force due 

to osmotic interaction driven by unfavorable mixing of adsorbed layer on the interface; 2) 

repulsive force from reduction in configuration entropy of emulsifier chains; and 3) 

attractive force due to van der Waals. Combining the three forces, the magnitude of G to 

a large extent depends on particle radius r and interfacial thickness δ, which is illustrated 

in equation 4. The high value of G is due to small droplet size resulting in high kinetic 

stability of nanoemulsions against flocculation and coalescence.  

 

                                                                                  [1.4]             

 

          Another explanation for improved kinetic stability of nanoemulsions is that 

nanoscale droplets are non-deformable (90, 93, 94). Recently, research in fundamental 

structure, mechanical and physical properties of nanoemulsions is an emerging field and 

frontier in physics (15). It is proposed that the very small size of droplets relative to the 

dense interfacial layers ensures the interface is non-deformable, which enhances the 

interface resistance to film thinning and disruption between droplets (90, 93). Hence 

flocculation and coalescence are reduced or prevented in nanoemulsions.  

 

1.4.3 Oswald ripening 
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          Ostwald ripening in emulsions is the phenomenon that large droplets grow over 

time at the expense of small droplets (95-97). The physical basis of Ostwald ripening is 

due to the Laplace’s Law effect on the solubility of the dispersed phase in the continuous 

phase (98, 99).  The pressure difference between the inside and outside of a drop is 

described by equation 5. 

 

                                                                                             [1.5] 

                                                                               

Where ΔP is pressure contrast, σ is interfacial tension, and r is droplet radius. The 

solubility, S, of the dispersed phase in the continuous phase just at the boundary of the 

drop of radius r is predicted by the Kelvin equation (100-102). 

 

                                                                                                                     [1.6] 

 

Where S0 is the solubility of the dispersed phase in the bulk of continuous phase, νm is the 

molar volume of continuous phase. R is gas constant, and T is the absolute temperature.  

The Kelvin effect originates from the difference in chemical potential between small and 

large droplets as a result of the different Laplace pressure. This effect is limited to small 

droplets and has minimal effect on large droplets.  

          From the Kelvin equation, obviously the smaller the droplet, the higher the 

solubility of emulsified oil. The difference in solubility generates a concentration gradient 

r
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from the surroundings of a small drop to the surroundings of a large one, which drives a 

mass transfer by diffusion from small to large drop. As a consequence the small droplets 

tend to shink and the large droplets tend to grow. This process slows down as the  

droplets grow.  

           The phenomenon of Ostwald ripening is described by the Lisfshitz-Slesov-Wagner 

(LSW) theory.  

 

                                                                                                     [1.7]  

 

Where D is the diffusion coefficient of the dispersed phase in the continuous phase, ρ is 

the density of the dispersed phase, and t is the time. LSW captures the key of Ostwald 

ripening, which is the dispersed phase solubility in the continuous phase.  

          Ostwald ripening is the major destabilization mechanism of most nanoemulsions, 

and thus is the biggest challenge in producing stable nanoemulsions for practical 

applications. A number of factors have to be considered to slow down the Ostwald 

ripening rate. Obviously decreasing oil solubility in the aqueous phase is the most 

effective method to retard or prevent Ostwald ripening in O/W nanoemulsions. The 

Ostwald ripening rate could be reduced by using a less polar oils (e.g., medium or long 

chain triglycerides).  Molecular weight (MW) of oil phase is also critical to Ostwald 

ripening because the diffusion coefficient, D, largely depends on MW and higher MW oil 

would reduce Ostwald ripening rate (3, 97).  
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          The effect of emulsifier on Ostwald ripening is complex because emulsifier type, 

concentration, and interfacial structure affect Ostwald ripening in different ways.  

Generally, emulsifiers with greater reduction in interfacial tension help reduce Ostwald 

ripening, which is obvious from the Kelvin equation. However, emulsifier concentration 

also has to be considered. Below the critical micelle concentration (CMC), an increase in 

emulsifier concentration results in lower interfacial tension and hence a lower Ostwald 

ripening rate. Above the CMC the interfacial tension stays constant, but the micelles can 

transport oil molecules between drops in a faster way than diffusion and hence increase 

Ostwald ripening rate (103-107). The structure of deposited emulsifier on the interface 

acts as a diffusion barrier and thus is also relevant to Ostwald ripening rate. Deposition of 

an insoluble layer (e.g., polymeric substances) on the interface could greatly reduce mass 

transfer and hence Ostwald ripening rate (99, 108). 

          The fundamental cause of Ostwald ripening is the chemical potential difference 

between different sizes of droplets. The smaller the difference in droplet size the lower 

the driving force for Ostwald ripening (96). So one would expect if the initial distribution 

of droplets is narrow (e.g., monodisperse) Ostwald ripening will be retarded. In contrast, 

if the initial distribution of droplets is wide, bimodal distribution will be achieved during 

the storage of nanoemulsions. 

 

1.5 Droplet size characterization of nanoemulsions 
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         The size and size distribution of nanoemulsions have a strong influence on their 

physicochemical properties (e.g., stability, appearance and rheology). Monodisperse 

nanoemulsions are rare, but sometimes are prepared by ultracentrifugation of 

polydisperse nanoemulsions for use in fundamental studies because the interpretation of 

experimental measurements is usually simpler (15). Most nanoemulsions are polydisperse 

and can be characterized according to the shape of size distributions as being 

monomodal, bimodal, or multimodal depending on whether there are one, two, or more 

peaks in the distribution. 

 

1.5.1 Mean droplet diameter 

 

          There are a number of expressions of MDD charactering different physical aspect 

of the distribution.  In the case where the number of particles is important, a number-

based MDD, Nd  , is described as equation 8. Where iN  is the number of particles with 

diameter id . In the case where the surface area of particles is of interest, a surface-based 

MDD, Sd , can be used to characterize the particles. If one is interested in the mass of 

particles, a volume-based MDD, Vd , is always used. Equations 8 to 10 describe the 

mathematical formulas for different expressions of MDD.  
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          For monodisperse nanoemulsions, Nd , Sd , and Vd  have the same value. For 

polydisperse nanoemulsions, Nd  < Sd  < Vd . Since monodisperse emulsions do not exist 

in the real world, it is important to specify which MDD has been determined in an 

experiment when comparing or quoting droplet size data. Generally for food 

nanoemulsions,  Vd  is commonly used to represent MDD since it provides more 

information on large droplets which is particularly important for the stability of 

nanoemulsion. 

 

1.5.2 Size characterization by light scattering 

 

          When a beam of light passes through a colloidal dispersion, the particles or 

droplets scatter some of the light in all directions. When the particles are very small 

compared with the wavelength of the light, the intensity of the scattered light is uniform 
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in all directions (Rayleigh scattering); for larger particles above approximately 250nm 

diameter,  the intensity is angle dependent (Mie scattering) (109). 

          Dynamic light scattering (DLS), also known as photon correlation spectroscopy 

(PCS), is the basis of a common particle sizing measurement covering the range of 

nanometers to microns (1 nm – 6 μm). This technique is based on analyzing time-

dependent fluctuations in the scattered intensity. These fluctuations arise from the fact 

that the particles are small enough to undergo random thermal (Brownian) motion and the 

distance between particles is therefore constantly varying. Constructive and destructive 

interference of light scattered by neighboring particles within the illuminated zone gives 

rise to the intensity fluctuation at the detector plane which contains information about this 

motion. Analysis of the time dependence of the intensity fluctuation can therefore yield 

the diffusion coefficient of the particles.    

          The Stokes-Einstein theory of Brownian motion describes the relationship between 

particle size and diffusion coefficient of particles in a known medium, which is the basis 

of particle size measurement by DLS.  

 

                                                                                         [1.11] 

 

Where Hd  is the droplet diameter, k is the Boltzmann's constant, T is the absolute 

temperature (Kelvin), ε is the viscosity of continuous phase, and D is the diffusion 

coefficient of droplet. 
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          While DLS is a powerful technique to measure particle size and size distribution, 

the results are always mathematical model dependent and special caution is needed to 

interpret data. Sometimes, a large error can occur for inhomogeneous or polydisperse 

nanoemulsion with a wide particle size distribution. Electron microscopy always serves 

as a supplemental tool to characterize the size and size distribution of nanoemulsions. 

Cryogenic transmission electron microscopy (Cryo-TEM) and cryogenic scanning 

electron microscopy (Cryo-SEM) are commonly used techniques to confirm droplet size 

measurement obtained by DLS.   

 

1.6 Properties of nanoemulsions 

 

1.6.1 Optical properties 

 

          For monodisperse particles, the general expression for optical transmission is 

described in equation 12. 

 

                                                                                           [1.12]                  

                 

Where τ is the turbidity and L is the optical path length (110). The specific turbidity for a 

light scattering cross section is given by equation 13. 
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                                                                                              [1.13] 

 

Where c is the volume concentration of particles, ρc is the density of the continuous 

phase, avQ  is the mean light scattering efficiency, vsr is the volume mean radius. avQ is 

determined by particles size, refractive indices of dispersed and continuous phases, and 

wavelength of light scattered. Figure 1.9 shows the calculated relationship between 

specific turbidity and particle size for different wavelengths of light. The curves show 

strong oscillatory behavior, particularly at low wavelengths. The maximum specific 

turbidity increases as wavelength decreases. The specific turbidity at light wavelengths 

similar to the radius of particles reaches maximum. For nanoemulsions, the droplet 

dimensions are much smaller than the wavelength of light (r << λ), causing weak light 

scattering and hence low turbidity. Therefore, nanoemulsions tend to be transparent in 

appearance. 
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Figure 1.9 Relationship between specific turbidity and particle size. Calculation is based 

on monodisperse particles and fixed refractive of 1.506. Reprinted from Ref. 111. 

 

1.6.2 Physical stability 

 

          As discussed in Section 1.4.1, nanoemulsions are highly stable against creaming 

because the relatively small droplet size means that Browning motion effects dominate 

gravitational forces.  Moreover, the viscosities of nanoemulsions are appreciably higher 

than those of macroemulsions at the same lipid concentration if they contain a thick or 

electrically charged interfacial layer which increases droplet-droplet repulsion. This 

increase in viscosity also contributes to improved stability against creaming. As discussed 

in Section 1.4.2, nanoemulsions also have good stability against droplet aggregation 



 

35 

 

because the strength of the net attractive forces acting between droplets decreases with 

decreasing droplet size. Overall, nanoemulsions show better physical stability compared 

to macroemulsions due to the reduction in droplet size. 

 

1.6.3 Improved bioavailability of lipophilic actives 

 

          The health promoting benefits of food bioactive components (e.g.; catechins, 

phytosterols, curcumin, lycopene, ω-3 fatty acids, and carotenes) have attracted more 

attention in recent years because their biological and pharmacological effects including 

antioxidation, anticancer, and chronic disease prevention properties have been 

demonstrated in numerous studies (4,7, 112, 113). However, one of the major challenges 

of these actives is their poor solubility and low bioavailability. Nanoemulsions were 

reported to improve the solubility, stability and bioactivity of various oil-soluble 

phytochemicals due to their small droplet size and high kinetic stability (7, 31, 32, 114).  

          Considerable research has been conducted to evaluate nanoemulsions as a vehicle 

for lipophilic drug delivery and a number of drug nanoemulsions are commercially 

available in the market (114). In food and nutraceutical industries, nanoemulsions also 

show potential commercial applications. Nanoemulsions have been found to markedly 

increase the solubility of curcumin to 1 wt%, while it is almost insoluble in water (4). 

Analytical data (4, 7) suggested epigallocatechin gallate (EGCG) encapsulated in 

nanoemulsions resulted in less oxidation than that of EGCG in aqueous solution (15 wt% 
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vs. 60 wt%). It was reported that nanoemulsions could improve stability and oral 

bioavailability of EGCG and curcumin in a mouse model. The bioactivity was further 

enhanced when the MDD of nanoemulsions were further reduced to below 100 nm (4). 

Recent research also has shown that nanoemulsions loaded with coenzyme Q10 (CoQ10) 

significantly enhanced the bioavailability (114). There is no question that nanoemulsions 

as delivery carrier for lipophilic food components will continue to be one of the frontiers 

of food nanotechnology due to potential commercial applications and health benefits.  

 

1.7 Potential applications of nanoemulsions in food industry 

 

          The pharmaceutical industry is the dominant field where most applications of 

nanoemulsions are proposed. Extensive research has been conducted on a variety of drug 

delivery systems with enhanced solubilization of poorly soluble drugs and improved 

bioavailability following incorporation into nanoemulsions (114, 115).  In the food 

industry, many food-derived bioactive compounds demonstrate significant health benefits 

when consumed in relatively high concentrations (25, 31). Unfortunately, most of these 

compounds exhibit poor solubility and bioavailability in aqueous-based foods. Recently 

the development of nanoemulsions loaded with lipophilic food components has 

demonstrated the potential of nanoemulsions as a carrier to deliver lipophilic actives in 

food applications (31, 32). 
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Emulsions are widely used in beverage products as it is frequently necessary to 

incorporate water-insoluble flavors into an aqueous beverage.  However, it is often 

desired that the beverage be clear in appearance. The current solution for this particular 

need is to use a cosolvent, most commonly alcohol, in the system (often introduced as the 

flavor carrier or solvent). However, alcohol-based flavors have transportation issues due 

to their low flash point. The use of alcohol also disqualifies the product from obtaining a 

Halal certificate, which is desirable in many regions of the world. Nanoemulsions can 

solve these problems since emulsions with MDD below 100 nm have the potential to 

provide transparent appearance that can be incorporated into beverages without loss of 

clarity (116-117).  

Another unique application of nanoemulsions is non-weighted flavor emulsions. 

For conventional flavor emulsions, weighing agents (e.g., ester gum and brominated 

vegetable oil) are commonly used to weigh the oil phase and reduce density contrast 

between oil and aqueous phases. These weighing agents significantly reduce the 

creaming velocity of droplets, but they have strict usage limits due to their toxicity. 

Weighing agents can be removed in nanoemulsions due to their high stability against 

creaming, which provides a cleaner label.  

 

1.8 Current status of nanoemulsions  
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           Mason and coworkers (15, 36, 74) conducted studies on the formation of SDS 

stabilized silicone oil-in-water nanoemulsions by using a Microfluidizer. The mechanical 

and interfacial rheology properties of concentrated nanoemulsions with a dispersed phase 

volume fraction, Ф, up to 0.7 were of the interest. The MDD of nanoemulsions was 

evaluated as functions of the number of passes through the Microfludizer, 

homogenization pressure, droplet volume fraction, and surfactant concentration. The 

results showed that MDD decreased with an increase in SDS concentration, 

homogenization pressure, and number of passes, while MDD increased with Ф.  

Nanoemulsions were obtained with smallest MDD being 18 nm. Mason et al. (15) also 

provided a thorough review on the formation, structure, and physical properties of 

nanoemulsions. In this review, the fundamental differences between nanoemulsions and 

microemulsions were emphasized and emulsification parameters were thoroughly 

discussed based on the Taylor’s estimate of ruptured droplet radius.  

Jafari et al. (47, 48, 69) reported on d-limonene nanoemulsions by using 

Microfluidization and ultrasonication. Whey protein concentrate (WPI) and modified 

starch (HI-Cap®) were evaluated as emulsifiers. The results indicated that both 

Microfludization and ultrasonication were capable of producing nanoemulsions with a 

MDD range of 150 ~ 700 nm. The MDD decreased initially with increasing pressure and 

number of passes through Microfluidizer; however, the emulsions become over-

processed when the pressure was above a critical point. The optimum pressure and 

process cycles were about 70 MPa with 2 passes for nanoemulsions with 20% w/w d-
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limonene as dispersed phase stabilized by HI-Cap® or WPI. The smallest surface-

weighted MDD obtained was 150 nm. 

Chen and Wagner (2) reported vitamin E nanoemulsions stabilized by modified 

starch prepared using a Microfludizer. Vitamin E was homogenized at 70 and 150 MPa 

for up to 12 passes and then the prepared nanoemulsions were spray dried to yield a 

powder. The results showed that higher pressure and a greater number of passes produced 

smaller droplets. Particle size did not significantly increase upon rehydration in water. 

Apple juice fortified with ca. 62 ppm vitamin E with nanoemulsions as carrier had a 

turbidity of 14 NTU. Moreover, during a 6-month storage study of the fortified juice, no 

ringing or creaming occurred, and the turbidity of juice was highly stable with an 

increase of only 2 NTU. To our knowledge, this is the first report to prepare true 

nanoemulsions with a MDD < 100 nm by using food grade ingredients. 

        Very recently, Mao et al. (57, 58) and Yuan et al. (59, 60) investigated the formation 

of β-carotene nanoemulsions by using high pressure homogenization. In the studies, 

modified starches, why protein isolate (WPI), Tween 20 and blend of Tween 20 and WPI 

were tested to stabilize nanoemulsions. MCT was used as the solvent to dissolve β-

carotene. The results showed that nanoemulsions stabilized with Tween 20 had the 

smallest MDD of 132 nm, while nanoemulsions stabilized with a blend of WPI and 

Tween 20 were most stable. Furthermore, response surface methodology was employed 

to optimize the formation of nanoemulsions. In the experiment, 10% w/w MCT was used 

as a carrier and Tween 20 as surfactant. The optimum preparation conditions were 
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suggested to be: pressure 129 MPa, homogenization temperature 47 °C, load of β-

carotene 0.82%, and Tween 20 8.2%.   

          In the past two years, considerable research on curcumin nanoemulsions was 

conducted in Huang’s research group (4, 7, 62, 118) with an interest in enhanced 

bioavailability of curcumin. Nanoemulsions with medium chain triglyceride (MCT) as oil 

and Tween 20 as emulsifier were successfully prepared with MDD ranging from 618 nm 

to 79.5 nm. MCT, Tween 20, and water were mixed at a ratio ca. 10/10/80 and 

homogenized under a pressure ranging from 500 bar to 1500 bar. The results showed that 

multiple passes and higher pressures generated smaller MDD of nanoemulsions and thus 

higher bioavailability of curcumin in in-vitro study.  

          Wooster et al. (3) reported on Ostwald ripening of nanoemulsions stabilized by 

SDS and Tween 80 under high pressure homogenization. They found that the physical 

properties of the oil phase and the nature of the surfactant layer had considerable impact 

on nanoemulsion formation and stability. Nanoemulsions made with high viscosity oils, 

such as long chain triglycerides (LCT), had larger MDD (120 nm) than those prepared 

with low viscosity oils such as hexadecane (80 nm). The optimization of the viscosity 

ratio between phases led to formation of smallest nanoemulsions (ca. 40 nm). The author 

also identified Ostwald ripening as the main destabilization mechanism of prepared 

nanoemulsions and the use of high molecular weight oils like LCT significantly reduced 

the rate of Ostwald ripening.  
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          Overall, these references provide clear information that high pressure 

homogenization is a relatively simple and effective method of producing nanoemulsions 

under the proper conditions. Most studies used small molecule surfactants, such as 

Tweens and SDS, to stabilize model nanoemulsions. The primary focus of previous 

studies has been the formation of nanoemulsions, while research on the long term 

stability of nanoemulsions is rare due to the difficulty of preventing Ostwald ripening. 

The primary application of nanoemulsions has been to improve the bioavailability of 

encapsulated lipophilic actives in nanoemulsions. There has been little work on the 

physical properties of nanoemulsions (e.g., improved stability and optical transparency).  

 

1.9 Patent review on nanoemulsions 

           

          Though nanoemulsion is relatively new in emulsion community, there are an 

increasing number of patents on nanoemulsions since the first one on producing water/oil 

nanoemulsions was issued in 1992 (119). However, most of these patents are exclusively 

for pharmaceutical and cosmetic applications due to the use of non-food grade 

ingredients, e.g., surfactants, synthesized polymers and organic solvents (119-122). US 

patent 5,152,923 (119) first described the use of high pressure homogenization to prepare 

nanoemulsions with MDD below 200 nm as a vehicle for pharmaceutical and cosmetic 

applications. The patent claimed glycero-phosphatides as preferred emulsifier and 

optimal homogenization temperature above the phase transition temperature of the 
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emulsifier. The method of solvent evaporation has been described in particular by 

Valdivia et al. (123) in US patent 5,698,219 to produce nanoemulsions. In the patent, 

nanoemulsions were created by emulsifying the aqueous phase containing a non-ionic 

surfactant with an organic phase containing oil and active substance in a water miscible 

solvent, and then removing the solvent by evaporation. US patent 6,419,946 (124) 

described another approach to prepare nanoemulsions by using mixed esters as 

emulsifiers for cosmetic applications. The emulsifiers are specified as esters of glycerol 

with α-hydroxy acid, and fatty acid or fatty alcohol and it is required at least one oil has a 

molecular weight greater than 400. It was claimed the turbidity of prepared 

nanoemulsions ranged from 60 to 600 NTU.  

          Due to the limitations in surfactant usage, only a few patents on food grade 

nanoemulsions were documented. US patent application 20090196972 (125) describes 

flavor nanoemulsions and their applications which include dressings, marinades, sauces, 

condiments and beverages. The nanoemulsions are prepared by using food-grade, non-

ionic surfactant, e.g., Tween 80 and co-solvents (C2-C8 alcohols). Very recently, food 

grade nanoemulsions were described by Wooster et al. (126) in US patent application 

20100305218. In the patent, nanoemulsions were prepared using hydrophilic non-ionic 

surfactant (preferably polysorbate), co-surfactant (e.g., lecithin), co-solvent (preferably 

ethanol) and high pressure homogenization. It was claimed that the oil phase of 

nanoemulsions contains more than 50 v/v% of long chain triglyceride (C12 or greater, 

e.g., peanut oil) which greatly reduce Ostwald ripening of nanoemulsion.  
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          Since the term of nanoemulsion and microemulsion are used interchangeably in the 

literature, patents on microemulsions are also briefly reviewed. Microemulsions were 

first patented for crude oil recovery in the early 1970 (127-129). Thir et al. (130) first 

disclosed the microemulsions with broad potential applications including flavors in US 

patent 4,568,480. The authors discovered that microemulsions can be easily formed using 

a fatty acid ester of alkoxylated phenol derivatives as emulsifier. In the field of food and 

beverage applications, the use of microemulsion has been described by Wolf et al. (131) 

in US patent 4,835,002. The patent discloses microemulsions of edible oils in a matrix of 

water and certain alcohols, together with food-grade surfactants. Propylene glycol is 

selected as preferred alcohol in claimed applications including food, beverage, 

mouthwash, etc. 

           Ternary phase diagram was used to optimize the formation of microemulsion 

flavor or fragrance concentrates in several patents issued to International Flavors & 

Frangrance (132-134). In these patents, the ratio of oil phase, aqueous phase, surfactant 

and co-surfactant/co-solvent was determined to produce transparent microemulsions 

using phase diagrams. One recent international patent application WO 2007026271 (135) 

by Firmenich SA discloses preparation of clear flavor microemulsions using sugar ester 

of fatty acid and lecithin as surfactant systems, together with propylene glycol as co-

solvent. In the patent, the ratio of flavor oil (ca. 30 wt%) to surfactants (ca. 10 wt%) is 

relatively low compared to previous patents on microemulsions. Chanamai et al. (136) 

described a different approach to prepare microemulsions in food and beverage 
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applications in US patent application 20070087104. In this approach, a ternary food 

grade emulsifier system was used incorporating low, medium and high HLB emulsifiers 

without using co-solvent. However, the usage level of emulsifiers is extremely high (ca. 

90 wt% in total) in microemulsion concentrates. US patent 7,182,950 (137) describes 

nano-sized self-assembled liquid dilutable vehicles containing water, short chain polyol 

co-solvent, hydrophilic surfactant, C2-C16 alcohol co-surfactant, and oils. It was claimed 

this novel structured concentrates can be diluted either in water or oil to any desirable 

dilutions while maintaining their structure and stability. It was also claimed the structured 

concentrates greatly enhance the solubility of phytosterol, lycopene, lutein and other 

active components.  

          Overall, almost all patents on microemulsions and nanoemulsions used multiple 

surfactants or single surfactant with co-solvent and co-surfactant. The food grade 

surfactants used in these patents are exclusively Tweens and esters of fatty acids which 

may impart undesirable taste and complicate the labeling of nanoemulsion-based 

products. Clearly there is a need to develop nanoemulsions with simpler emulsifier 

system and friendly label.      

           

1.10 Conclusions 

           

          There is no doubt that emulsion science and technology has advanced so much that 

manufacturing food nanoemulsions is technically feasible and commercially promising. 
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However, in practical applications, the use of small surfactants in nanoemulsions is 

limited due to their legal status and undesirable taste. Little information is available on 

food biopolymers as emulsifiers to produce nanoemulsions. One would expect a large 

difference between small surfactants and macromolecules in creating and stabilizing 

nanoemulsions. Therefore, future research on evaluating food biopolymers and natural 

emulsifiers in stabilizing nanoemulsions would be of great practical significance. 

Successful commercial applications of nanoemulsions in the food and flavor industries to 

a large extent depend on the stability of nanoemulsions, especially for small molecule, 

flavor nanoemulsions. Flavor oils have considerable solubility in water compared to 

vegetable oils, which leads to a major challenge of stabilizing flavor nanoemulsions 

against Ostwald ripening. Thus, more efforts have to be made to develop practical 

solutions to prevent Ostwald ripening of food nanoemulsions in order to provide a proper 

shelf life of nanoemulsion-based aqueous food products. 
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Chapter 2 

 

Formation and Characterization of Nanoemulsions Stabilized by Food 

Biopolymers Using Microfluidization 
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          Nanoemulsions were prepared using four different food grade biopolymers 

(different concentrations) and high pressure homogenization (Microfluidizer
®
, different 

pressures, temperature and number of passes) and then characterized using dynamic light 

scattering (DLS), cryogenic scanning electron microscopy (Cryo-SEM), and cryogenic 

transmission electron microscopy (Cryo-TEM). The biopolymers chosen for study were 

Gum Arabic Spray Dry FCC Powder (GA), chemically modified gum arabic (MGA), 

whey protein isolate (WPI), and modified starch (Purity Gum 2000, PG). The 

nanoemulsions used 5% w/w weighted orange oil terpenes (OT) or medium chain 

triglycerides (MCT) as the dispersed phase. Except for the WPI stabilized nanoemulsion, 

higher homogenization pressures (up to 22,000 psi) and a greater number of passes (up to 

6) through the Microfluidizer produced nanoemulsions with smaller mean droplet 

diameters (MDD, dV). PG showed the best performance of the food biopolymers resulting 

in a MDD of 77.3 nm, while GA produced nanoemulsions with the largest MDD. The 

MDD of PG stabilized nanoemulsions decreased with increasing PG concentrations (from 

5 to 25% w/w). No significant changes in MDD were observed with increasing 

concentrations of MGA from 5 to 10% w/w or WPI from 2 to 4% w/w.  

          It was found that increasing number of passes through the Microfluidizer led to a 

wider particle size distribution due to a tiny tail of large droplets. The effect of oil types 

on MDD was complex being dependent on the emulsifier, homogenization pressure, and 

number of passes. The MDD of PG stabilized nanoemulsions increased with 

homogenization temperature: we hypothesize that this is due to changes in viscosity ratio 
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between the dispersed and continuous phases (εd/εc) when temperature is changed. The 

smallest MDD of PG stabilized orange oil nanoemulsion was obtained at an optimal εd/εc 

of 0.8. 

          This study shows that food biopolymers can be used to produce nanoemulsions 

using microfluidization under high pressure and multiple passes. The results provide an 

understanding of how manufacturing parameters and formulation influence the formation 

of nanoemulsions. 
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2.1 Introduction  

 

          Emulsions with droplet size typically in the range 20-100 nm are typically referred 

to as nanoemulsions (1-3). Nanoemulsions are non-equilibrium systems and cannot form        

spontaneously (4-5). Consequently, energy input, generally from a mechanical device, is 

required. 

          Nanoemulsions have many interesting physical properties that are different from 

those of larger microscale emulsions. For instance, microscale emulsions exhibit 

scattering of visible light and have an appearance ranging from bluish to grey (2, 4, 6). 

By contrast, nanoemulsion particles are much smaller than visible wavelength, so most 

nanoemulsions appear optically transparent, even at high volume fractions of dispersed 

phase, Φ. Likewise, nanoemulsions exhibit enhanced shelf stability against 

gravitationally driven creaming since Brownian motion keeps the droplets suspended 

homogenously over long time periods (2-3).  

Nanoemulsions are getting more attention in recent years in the beverage industry 

because they have very small droplet sizes, which improves creaming stability and may 

facilitate flavor release and perception due to a large specific surface area and are 

transparent, which is desirable for flavored clear beverages, mouthwashes and fortified 

beverages. However, no successful nanoemulsion-based beverages are on the market 

primarily because of a lack of functional edible and permissible emulsifiers. 
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          Many of the factors that influence the formation of conventional emulsions also 

apply to nanoemulsions. These factors include homogenization pressure, volume fraction 

of dispersed phase, emulsifiers, and emulsifier concentrations (7-10). Emulsifier is one of 

the most important parameters in determining the ability to form and stabilize a 

nanoemulsion (11-13). Emulsifiers also vary considerably in cost, ease of utilization, 

ingredient compatibility, and environmental sensitivity (14-16). There is a growing trend 

in the food industry to replace synthetic emulsifiers with more natural, label-friendly 

ones, such as phospholipids, proteins, or polysaccharides. Proteins and phospholipids 

(e.g. lecithin) are good at producing small droplets but have relatively poor stability to 

environmental stresses, e.g., pH, salt, and heating (17-20). Polysaccharides on the other 

hand, provide good stability to environmental stresses but are relatively poor at producing 

small droplets (21-22). Therefore, it is challenging to use food biopolymers such as 

proteins and polysaccharides to produce stable nanoemulsions.  

          This study had three objectives: 1) evaluate the feasibility of manufacturing 

nanoemulsions using food biopolymers as emulsifiers; and 2) determine the effect of 

various homogenization pressures and number of passes on nanoemulsion properties.  

 

2.2 Materials and methods 

 

2.2.1 Materials 
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          TIC Gums, Inc. (Belcamp, MD, USA) donated samples of prehydrated gum arabic 

spray dry FCC powder (GA), and OSAn modified gum arabic (Ticamulsion
®
 A-2010, 

MGA). OSAn modified starch (Purity Gum 2000, PG) was donated by National Starch 

Corp. (Bridgewater, NJ, USA). Whey protein isolate (WPI) was provided by Davisco 

(BiPRO
®
 whey protein isolate, Eden Prairie, MN, USA). Orange oil terpenes were 

obtained from Citrus and Allied Essences Ltd. (Lake Success, NY, USA) and 

Miglyol
®
812, an MCT, was purchased from Sasol (Houston, TX, USA); ester gum was 

obtained from J.H. Calo Co. (Westbury, NY, USA). Miglyol 812 is a combination of 

triglycerides based on the following fatty acid composition: C6:0 max. 2%, C8:0 50% to 

65%, C10:0 30% to 45%, C12:0 max. 2% and C14:0 max. 1% (Sasol, Houston, TX, USA, 

data from technical sheet). The orange oil terpenes used were comprised primarily of 

limonene (95.6%), myrcene (2.8%), sabinene (2.8%), α-pinene (0.9%), and octanal 

(0.2%) as measured by gas chromatography.  

 

2.2.2 Methods 

           

2.2.2.1 Preparation of nanoemulsions 

     Solutions of PG, GA, and MGA were prepared in distilled water by mixing for 2 hrs 

using an overhead mixer (Carter
®
 1L.81, Carter Motor, IL, USA) at ambient temperature. 

The WPI was solubilized by mixing with a magnetic stir bar for 2 hrs. A coarse emulsion 

was prepared by blending 5% w/w oil phase (orange terpenes with ester gum at a 1:1 

ratio, or Miglyol oil with ester gum at a 4:1 ratio) and 95% w/w of an aqueous phase 
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containing WPI, GA, PG, or MGA using a high shear mixer (Greerco Corp., Hudson, 

NH, USA) at ca. 6,000 rpm for 2 min. The resulting pre-emulsion was passed through a 

Microfluidizer (Model M-110Y, Microfluidics Corporation, Newton, MA, USA) at 

different pressures and number of passes. A cooling coil immersed in cold tap water was 

used to control the temperature of the emulsions exiting from the microfluidizer. Orange 

terpenes (OT) and Miglyol (MCT) were mixed with ester gum at different ratios to 

produce nanoemulsions with the same density of dispersed phases. In this chapter OT and 

MCT nanoemulsions stand for weighted orange oil terpenes and Miglyol nanoemulsions, 

respectively. All emulsions were prepared in duplicate. 

 

2.2.2.2 Characterization of nanoemulsions 

 

Dynamic Light Scattering (DLS)  

        Dynamic light scattering (BIC 90Plus, Brookhaven Instrument Corporation, NY, 

USA) was used to quantitatively determine the mean droplet diameter (MDD) and 

particle size distribution of the prepared nanoemulsions. It included a photometer 

equipped with an electrically heated silicon oil bath, Lexel 95-2 Ar+ laser operating at a 

wavelength of 488 nm, Brookhaven BI-DS photomultiplier, and Brookhaven BI-9000AT 

correlator. The intensity correlation function was obtained at 25°C and a scattering angle 

of 90º. Correlation functions were fit using the REPES model to determine average 
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particle size and distribution. GENDIST was used for the REPES Algorithm (23). The 

volume average droplet size (dV) provided by DLS is defined as  

                                                     

    Where Ni is the number of particles with a diameter di. 

        Span defines a polydispersity in mass by 
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where d(V,10), d(V,50), and d(V,90) are diameters at which the cumulative mass of the 

droplets is under 10, 50, and 90%, respectively (23). A monodisperse distribution will 

have a span of 0. A span of 1.0 means that 80% of the mass of all the particles lies within 

d(V,50) of the mean diameter, e.g., if d(V,50) = 80 nm and the span = 1.0, then 80% of the 

droplets could lie between 50 and 130 nm; if the span = 2.0, then 80% of the droplet 

could be between 50 and 210 nm. 

 

Cryo-Scanning Electron Microscopy (Cryo-SEM) 

        Cryo-SEM (Philips CM12, Philips, Eindhoven, Netherland) was also used to 

qualitatively characterize the droplet size of nanoemulsions. Emulsions were diluted to 

0.05% w/w dispersed phase with distilled water and then one drop of emulsion was 

placed on a copper grid, which was quickly transferred to a liquid nitrogen bath for 

solidification. The copper grid was then transferred to the SEM cold stage using a cryo-
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holder. The stage was kept under -170 °C and vacuum for 12 min to sublime the surface 

water from the emulsion samples.  

 

Cryo-Transmission Electron Microscopy (Cryo-TEM) 

        At high polymer concentrations, it was hard to sublime the surface water from the 

emulsion samples and polymers aggregated and bridged to form a network after removal 

of surface water. These issues resulted in low quality Cryo-SEM images making it 

difficult to observe individual droplets. Therefore, Cryo-TEM (FEI Tecnai G
2
 F30, 

Hillsboro, OR, USA) was also employed to qualitatively characterize nanoemulsions. 

Emulsions were diluted to 0.05% w/w dispersed phase with distilled water. Samples on a 

carbon-coated Cu grid were automatically blotted with filter paper, and the resulting thin 

film was vitrified in liquid ethane by using a Vitrobot. The sample was then transferred to 

the cryo-TEM (Gatan 626 cryoholder and cryo-transfer system) and imaged at about -170 

°C. 

 

2.2.2.3 Measurement of viscosity 

 

          Viscosities of dispersed and continuous phases were measured using a Brookfield 

rotational rheometer (Brookfield, RVIII model, Stoughton, MA, USA) with cone and 

plate geometry. A series of standard solutions were used to calibrate the viscometer. In 

preliminary experimentation, different spindles and spindle ration speeds (6 to 60 rpm) 
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were tested. LV#61 spindle and speed of 30 rpm were selected for all samples based on 

the results of preliminary experiments. A water bath was used to control specified 

temperature of samples. The data were acquired via a personal computer using the 

software of Brookfield Rheocalc. Two measurements were conducted for each sample 

and the average was used.  

 

2.3 Results and discussion 

 

2.3.1 Characterization of nanoemulsions 

 

          Droplet size and particle size distribution of nanoemulsions were measured by 

using DLS. Figure 2.1 shows the particle size distribution of a MCT nanoemulsion 

stabilized by 5% w/w PG produced at 22,000 psi with 3 passes through a Microfluidizer. 

DLS results showed a mono-modal distribution with a MDD of 182 nm and span of 0.62. 

Cryo-SEM was used to confirm the MDD and particle size distribution obtained from 

DLS. Figure 2.2 shows the representative cryo-SEM image of the same nanoemulsion. 

Some clumps were found in the cryo-SEM image, which might be the free emulsifier 

(modified starch) or the condensation of droplets due to incomplete sublimation of water 

during sample preparation. From the image, one would see most droplets are within the 

size range of 150~200 nm and a few big droplets have a size around 300 nm, which agree 

with the MDD and particle size distribution from DLS very well. This agreement 
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supported the use of DLS as an effective and efficient tool to characterize the MDD and 

particle size distribution of nanoemulsions prepared in this study.  

 

 

Figure 2.1 Particle size distribution of a 5% w/w PG stabilized nanoemulsions with 5% 

w/w MCT as dispersed phase homogenized at 22,000 psi 3 passes through microfluidizer.  
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Figure 2.2 Representative cryo-SEM image of 5% w/w PG stabilized nanoemulsions 

with 5% w/w MCT as dispersed phase homogenized at 22,000 psi 3 passes through 

microfluidizer.  

 

2.3.2 Effect of homogenization pressure on MDD 

 

          In this study, homogenization pressures ranging from 6,000 to 22,000 psi were 

evaluated to produce nanoemulsions stabilized by different emulsifiers. Figure 2.3 shows 
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effect of homogenization pressure on the MDD of GA stabilized MCT nanoemulsions. 

With increasing pressure from 6,000 psi to 14,000 psi, MDD decreased at 1 pass but did 

not change significantly at 2 and 3 passes. When the pressure was further increased to 

22,000 psi, MDD decreased dramatically compared to that at lower pressures. The 

smallest MDD obtained was ca. 350 nm when homogenized at 22,000 psi and passed 

through the system 3 times: this is still well above the size required to be considered a 

nanoemulsion. This figure also shows that increasing the number of passes from 1 to 3 

did not lead to great reduction in MDDs (17, 10, and 10% reduction at 6,000, 14,000 and 

22,000 psi, respectively). These results suggest that GA is not a good emulsifier to 

produce nanoemulsions when using high pressure homogenization and using multiple 

passes. 

 

 

Figure 2.3 Effect of homogenization pressure and multiple passes on MDD of 10% w/w 

GA stabilized MCT nanoemulsions with 5% w/w dispersed phase.  
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          The failure of producing a GA stabilized nanoemulsion could be attributed to 

several reasons. First, GA is less surface active than other emulsifiers due to the low 

proportion of surface active components, namely arabinogalactan protein (24-25). The 

interfacial tension of GA solutions against oil at saturation coverage is 43 mN/m, which 

is much higher than that of other surfactants, e.g., 26 mN/m for Tween 20 solution (26-

27). According to Taylor’s equation more energy input is needed to produce GA 

stabilized nanoemulsions. Another reason for not achieving the desired particle size is 

that arabinogalactan protein is a relatively large molecule which exhibits slow adsorption 

kinetics during homogenization. It was reported that in a 0.5% w/v GA solution, the 

surface tension decreased from 71 mN/m to 57.4 mN/m after 3 h of adsorption. The rate 

of surface tension decrease was slow and the induction time was high: the time to get 

0.95 of the original surface tension was 3,041 s (28). From this point of view GA is not a 

good candidate for producing nanoemulsions. 

          The dramatic decrease in MDD when the homogenization pressure was increased 

from 14,000 psi to 22,000 psi was unexpected because no significant difference in MDD 

was found when increasing the pressure from 6,000 to 14,000 psi. There are two likely 

explanations for this phenomenon. First, high pressure homogenization, e.g., 22,000, 

changed the structure of the arabinogalactan protein, which favors emulsion formation 

due to conformational changes which then makes the molecule better able to accumulate 

at the particle interface. . While we have no direct evidence to support this hypothesis, it 

is a common phenomenon that high pressure processes may change protein structure and 
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emulsifying capability (29-31). Second, high pressure homogenization might fragment 

GA molecules resulting in smaller fractions of molecules and thus have higher adsorption 

kinetics. Floury et al. (32) reported that high pressure homogenization had an impact on 

molecular weight (MW) and adsorption kinetics of methylcellulose. The MW of native 

methylcellulose decreased from ca. 300,000 to 80,000 g/mol when homogenized at 300 

MPa (1 pass) and the characteristic time of diffusion decreased from 14 to 4 s. Therefore, 

the smaller MDD of GA stabilized MCT emulsions at 22,000 psi might be attributed to 

modification of GA structure during homogenization. 

 

 

Figure 2.4 Effect of homogenization pressure and number of passes on MDD of 5% w/w 

PG stabilized MCT nanoemulsions with 5% w/w dispersed phase.  
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          Figure 2.4 shows the effect of homogenization pressure and number of passes 

through the homogenizer on the MDD of PG stabilized emulsions. Clearly, increasing 

pressure and number of passes led to a decreasing MDD.  The smallest MDD obtained 

was 169 nm at 22,000 psi (3 passes). PG is a more effective than GA in forming 

nanoemulsions. This may be because PG has higher adsorption kinetics to the oil/water 

interface than GA due to the addition of hydrophobic groups on the hydrolyzed starch 

molecules. Since the pressure limit of the Microfludizer used in this study is 23,000 psi, 

no higher pressure was examined. However, from the trend shown in figure 2.4, one 

would expect that the MDD will further decrease at higher pressures (> 22,000 psi) and 

number of passes (> 3 passes).  

          Chen et al. (33) reported that modified starch functioned well in producing vitamin 

E nanoemulsions. In the vitamin E emulsion systems, MDD decreased dramatically when 

pressured was increased from 2,900 to 43,500 psi. However, another study conducted by 

Jafari et al. (33) showed that the MDD of d-limonene emulsions stabilized by modified 

starch (Waxy corn starch modified, Hi-Cap) increased from 160 to 215 nm when pressure 

increased from 3,045 to 12,200 psi by using Microfludization at 1 pass. The 

inconsistency of results could be attributed to the differences in the modified starch and 

oil phase used. Modified starches with different hydrophobic groups and degree of 

substitution have shown variable emulsifying properties in many studies (34-37). The 

difference in oil phase may also cause the contradictory results, which is discussed in 

section of 2.3.7 of this thesis.  
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Figure 2.5 Effect of homogenization pressure and number of passes on MDD of 2% w/w 

WPI stabilized MCT nanoemulsions with 5% w/w dispersed phase.  
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stabilized with whey protein concentrate. Substantial size reduction was observed when 
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was increased as indicated by microdifferential scanning calorimetry scans and 

polyacrylamide gel electrophoresis (40-43).  

          In a soy oil emulsion system stabilized with whey protein, it was found that MDD 

decreased with increasing pressure from 7,250 to 25,000 psi and higher pressures resulted 

in greater protein-protein interactions at the particle surface. Structural analysis by 

Fourier transform infrared showed that higher homogenization pressures led to a decrease 

in α-helix and an increase in β-sheet structures indicating the formation of fewer 

interactions with the lipid phase and more interactions between adsorbed whey proteins. 

In the present study, the reduction in MDD with increasing pressure suggests WPI is not 

“over processed” at 1 pass, but multiple passes may reduce the emulsifying properties as 

indicated by a slight increase in MDD above 2 passes.  

 

2.3.3 Effect of emulsifiers on the MDD of nanoemulsions 

 

          As noted earlier, four food biopolymer emulsifiers were evaluated for their ability 

to facilitate the formation of nanoemulsions (GA, MGA, PG, and WPI). Comparing these 

emulsifiers in figure 2.6, one can see that GA is the least effective emulsifier to produce 

nanoemulsions, while PG shows the best performance (other than sodium docecyl sulfate 

(SDS) which was used as a reference). This result is quite understandable since the 

emulsifying properties of GA, MGA, and WPI are largely attributed to proteins and their 
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efficiency is significantly affected by process conditions, e.g., high pressure and 

temperature.  

          While the role of temperature has not been discussed thus far, it should be noted 

that an increase of 1,000 psi in homogenization pressure has been shown to increase 

emulsion temperature 2 to 3 °C depending on the composition of emulsions (38). It is 

possible that this increase in temperature plus the extremely high shear associated with 

homogenization may have a negative effect on protein structure and thus emulsification 

properties. High pressure homogenization may not be an effective method to produce 

nanoemulsions stabilized by protein emulsifiers.    

 

 

Figure 2.6 Effect of emulsifiers and number of homogenization passes on the MDD of 

MCT nanoemulsions with 5 wt% dispersed phase produced at 22,000. Concentrations of 

emulsifiers are GA 10% w/w, MGA 5% w/w, PG 20% w/w, WPI 2% w/w, and SDS 

2.5% w/w.  
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          On the contrary, PG and SDS produced nanoemulsions with MDD of ca. 100 nm at 

22,000 psi (3 passes). From figure 2.6 one might expect a further reduction in MDD with 

additional passes through the homogenizer of the PG stabilized nanoemulsions. The high 

efficiency of PG in producing nanoemulsions is probably due to: 1) smaller molecular 

weight than MGA and WPI and thus faster adsorption; and 2) surface tension reduction 

due to modification of the starch hydrolysate with octenyl succinic anhydride. Some 

general conclusions can be made from this study: polysaccharide-based large molecule 

emulsifiers (GA and MGA) are not good candidates for producing nanoemulsions; 

Proteins are good emulsifiers to produce fine emulsions but their capability is limited by 

the process conditions; and small molecule emulsifiers or surfactants have better 

performance in producing nanoemulsions when using high pressure homogenization. 

 

2.3.4 Effect of emulsifier concentration on MDD 

 

        Since nanoemulsions have an extremely large specific surface area (Asp, surface area 

per unit of mass), higher concentrations of biopolymers provide better coverage of the 

interface and further reduces interfacial tension to facilitate droplet rupture during 

homogenization. Therefore, we evaluated the effects of biopolymer concentration on the 

MDD of nanoemulsions. Figure 2.7 shows that when WPI concentration was increased 

from 2 to 4% w/w, MDD decreased slightly but this was not statistically significant due 

to large variability. Figure 2.8 shows that when MGA was increased from 5 to 10% w/w, 
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MDD slight decreased but again this was not statistically significant. This confirms that 

the emulsifying property of WPI and MGA is determined by structure characteristics of 

the molecules instead of insufficient interfacial coverage of WPI or MGA during 

homogenization.           

 

 

Figure 2.7 Effect of WPI concentration and number of passes on MDD of MCT 

nanoemulsions with 5% w/w dispersed phase produced at 22,000 psi.  
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Figure 2.8 Effect of MGA concentration and number of passes on MDD of MCT 

nanoemulsions with 5% w/w dispersed phase produced at 22,000 psi. 
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immensely. The huge interface area of nanoemulsions requires a large amount of polymer 

to cover and stabilize it. At optimal concentration of PG, the mass ratio of PG to oil phase 

is 4, which is comparable to 5.3 for vitamin E nanoemulsions stabilized by OSAn 

modified starch reported by Chen et al. (33).  

          Another factor contributing to the decrease in MDDs observed with increasing PG 

concentrations are the changes in phase viscosity. Figure 2.10 shows the changes in 

viscosities of the continuous phase with increasing concentrations of PG. Viscosity 

increased 20 times when PG concentration increased from 5 to 25% w/w. Dramatic 

changes in phase viscosity definitely affect fluid properties of emulsions and thus affect 

homogenization efficiency (44-46). More details about influence of phase viscosity on 

formation of nanoemulsions are discussed in section 2.3.8.  
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Figure 2.9 Effect of PG concentration and number of passes on MDD of MCT 

nanoemulsions with 5% w/w dispersed phase produced at 22,000 psi. 

 

 

Figure 2.10 Viscosity changes with increasing concentrations of PG at room 

temperature. 
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2.3.5 Effect of number of passes on MDD  

 

          Within limits, passing an emulsion though a homogenizer additional times 

generally results in a decrease in MDD. Figure 2.11 shows the effect of number of passes 

on the MDD of nanoemulsions stabilized by different emulsifiers. Nanoemulsions 

stabilized by MGA, PG and SDS shows clear trends that a higher number of passes led to 

smaller MDD.  This effect diminishes with an increasing number of passes through a 

Microfluidizer. Generally with one pass through homogenizer, there is certain probability 

that not all droplets are subjected to the same intense energy of homogenization; 

therefore, a portion of the coarse emulsion is not substantially reduced in size. Multiple 

passes increase the probability of these large droplets being reduced but the benefit of 

multiple pass diminishes after a certain number of passes depending on the type and 

conformation of the homogenization valves (47).  
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2.11 Effect of number of passes through a microfluidizer on MDD of MCT 

nanoemulsions with 5% w/w dispersed phase produced at 22,000 psi. 

 

          The slight increase in MDD of WPI stabilized nanoemulsions with an increasing 

number of passes indicates that WPI is over processed causing a loss of emulsifying 

properties. To the contrary, the reduction of MDD of PG stabilized nanoemulsions with 

multiple passes demonstrates that PG is unchanged by intense mechanic shear during 
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pressures (ranging from 3,045 to 12,180 psi). The contradictory results are probably due 

to the difference in modified starches and oil phases used.  

 

 

Figure 2.12 Cyro-SEM images of MCT nanoemulsions stabilized by 20% w/w PG with 

5% w/w dispersed phase. Top 1 pass, middle 3 passes, and bottom 7 passes. 
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Figure 2.13 Cyro-TEM images of MCT nanoemulsions stabilized by 20% w/w PG with 

5% w/w dispersed phase. Top 2 pass, middle 4 passes, and bottom 6 passes. 

 

       Figure 2.12 shows cryo-SEM images of PG stabilized MCT nanoemulsions produced 

by homogenization at 22,000 psi using a different number of passes through the 

Microfluidizer. The difference in droplet size between 1 pass and 3 passes (notice the 
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difference in scale) is obvious. The MDD decreased from 253 nm at 1 pass to 92 nm after 

7 passes measured by DLS. The images are a little blurry probably due to condensed 

droplets and free polymer after removal of the water by sublimation and the residual 

surface water. In order to further confirm the difference in droplet size at different 

number of passes, cyro-TEM was used to enhance the image quality and resolution.  

          Figure 2.13 shows the cryo-TEM images of PG stabilized nanoemulsions. The 

TEM images provided better information on droplet size and size distribution due to its 

higher resolution and lack of interference from free emulsifier in the continuous phase 

and surface water. Nanoemulsions prepared by 2 passes contained a larger fraction of 

large droplets compared to other samples made at 4 and 6 passes. There is no significant 

visual difference in droplet size between the image at 4 passes and that at 6 passes, which 

agreed with DLS results that MDD decreased from 98 to 90 nm when the number of 

passes increased from 4 to 6. Overall the results suggest PG is an ideal candidate for 

producing nanoemulsions under multiple pass, high pressure homogenization. 

 

2.3.6 Effect of number of passes on particle size distribution 

 

          The number of passes through a homogenizer affects not only MDD but particle 

size distribution. Figure 2.14 shows how droplet size distribution of PG stabilized MCT 

nanoemulsions changes with an increasing number of passes. MDD decreased from 142 

nm at 2 passes to 90 nm at 6 passes and the mass cumulative curves of size distribution 
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shifted toward smaller size with an increasing number of passes through the 

Microfluidizer though a tiny fraction of larger particles was also observed.   

 

 

Figure 2.14 Effect of number of passes on size distribution of 20% w/w PG stabilized 

MCT nanoemulsions with 5% w/w dispersed phase produced at 22,000 psi. Top, middle 

and bottom are 2, 4, and 6 passes, respectively. 
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2.3.7 Effect of lipid phase on MDD 

 

          In practical applications, the oil phase composition of emulsions may vary greatly. 

Thus, it is necessary to evaluate the performance of different emulsifiers with different oil 

phases. Figures 2.15, 2.16, and 2.17 show the effects of two very different types of oil 

(terpene vs. triglyceride) on the MDD of nanoemulsions stabilized by different 

emulsifiers (PG, WPI and MGA). Interestingly the three emulsifiers behaved very 

differently. With PG as emulsifier, at 1 pass the MCT nanoemulsion showed a smaller 

MDD than the OT nanoemulsions, while with an increase in number of passes, almost no 

difference in MDD was observed. With WPI as emulsifier, no difference in MDD of 

MCT and OT nanoemulsions was observed at passes <2, but with an increasing number 

of passes the OT nanoemulsions showed smaller MDD than the MCT nanoemulsions. 

With MGA as emulsifier, OT produced nanoemulsions with smaller MDD than MCT 

regardless of the number of passes. These results suggest that the influence of oil type on 

MDD is complex depending on both emulsifier and homogenization parameters. 
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Figure 2.15 Effect of oil phase on MDD of 5% w/w PG stabilized nanoemulsions with 

5% w/w dispersed phase produced at 22,000 psi. 

 

 

Figure 2.16 Effect of oil phase on MDD of 2% w/w WPI stabilized nanoemulsions with 

5% w/w dispersed phase produced at 22,000 psi. 
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Figure 2.17 Effect of oil phase on MDD of 5% w/w MGA stabilized nanoemulsions with 

5% w/w dispersed phase produced at 22,000 psi.  

 

          Reiner et al. (11) reported that OT tended to form smaller MDD than MCT in 

emulsions stabilized by food biopolymer emulsifiers (e.g., modified starches and gum 

arabic) at 13,000 psi for 1 pass. Reiner explained the results using differences in 

solubility, polarity and viscosity between OT and MCT. In order to further investigate the 

reason for the opposite observations in this present study, OT and MCT nanoemulsions 

stabilized by PG were produced at lower pressures, 6,000 and 14,000 psi and the results 

are shown in Figure 2.18. Interestingly, at 6,000 psi OT formed much smaller MDD than 

MCT, while at 14,000 psi no difference in MDD was observed. This clearly demonstrated 

that effects of oil type on emulsion formation are pressure and number of passes 

dependent. The literature has shown that interactions of oil phase/emulsifier and 
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emulsifier/emulsifier strongly influence the efficiency of emulsifiers (40-43). It is quite 

understandable that these interactions are influenced by homogenization conditions to a 

different extent depending on the nature of oils and emulsifiers. 

 

 

Figure 2.18 Effect of oil phase and pressure on MDD of 5% w/w PG stabilized 

emulsions with 5% w/w OT or MCT as dispersed phases produced at 6000 and 14000 

psi.  
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on MDD of PG stabilized MCT nanoemulsions. Figure 2.19 shows the changes in phase 

viscosities with temperature. The viscosities of both the continuous and dispersed phases 

decreased and the ratio of phase viscosity between dispersed and continuous phase (εd/εc) 

also decreased from 1.8 to 1.3 with increasing temperature from 23 to 43 °C. Considering 

increase in temperature during homogenization under high pressure, no higher 

temperatures were tested. The viscosity of MCT decreases more rapidly with increasing 

temperature than the viscosity of the PG solution, but above a certain temperature, the 

changes in viscosity with temperature are parallel for both phases.  

 

 

Figure 2.19 Effect of temperature on viscosity of dispersed and continuous phases of 

MCT nanoemulsions stabilized by 20% w/w PG.  
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temperature increased from 23 to 33 °C. No significant changes were found when 

temperature was changed from 33 to 43 °C. In order to further confirm our hypothesis, 

emulsions were produced with varying dispersed phase viscosities by blending orange oil 

and ester gum at different ratios. The result is shown in Figure 2.21. With increasing the 

fraction of ester gum in the dispersed phase from 0 to 60% w/w, the viscosity of the 

dispersed phase increased from 0.85 to 84.6 mPa.s and the ratio of εd/εc increased from 

0.03 to 3.08. The MDD of the emulsions decreased with an increasing ratio of εd/εc.  The 

MDD reached a minimum when 50 wt% ester gum was incorporated in the oil phase and 

εd/εc increased to 0.8. This may suggest that there is an optimal range of εd/εc to form 

nanoemulsions.  

 

 

Figure 2.20 Effect of homogenization temperature on MDD of 20% w/w PG stabilized 

MCT nanoemulsions with 5% w/w dispersed phase produced at 22,000.  
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Figure 2.21 Effect of phase viscosity ratio on MDD of 20% w/w PG stabilized emulsions 

with a blend of orange oil and ester gum as dispersed phase (22,000 psi, 4 passes and 

room temperature). The viscosity of pure orange oil was obtained from Ref. (49) by 

Buffo et al.   

 

          Experimentation has shown that it is very important to ensure that the ratio of 

disperse/continuous phase viscosity (εd/εc) is in an optimal range to facilitate droplet 

disruption and form small particles (44-46). It was proposed that when εd/εc is too high, 

droplets are more resistant to disruption as there is insufficient time to deform before the 

flow field causes the droplets to rotate (44). This phenomenon leads to a better 

understanding of the role of weighting agents in manufacturing conventional flavor 

emulsions. Ester gum and brominated vegetable oil serve not only as a weighing agent 

but also to increase the dispersed phase viscosity thereby yielding emulsions with smaller 
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MDD.  Recently Wooster et al. (50) demonstrated that droplet disruption was most 

efficient and the droplet size reached a minimum at a εd/εc between 0.5 and 5.  In this 

study, the increase in continuous phase viscosity by adding polyethylene glycol (PEG) 

resulted in smaller droplet size of peanut oil nanoemulsions stabilized by SDS or Tween 

80.  

          The better understanding of the role of phase viscosity ratio on formation of 

nanoemulsions may help explain why the MDD of PG stabilized MCT nanoemulsions 

decreased with increasing PG concentrations. Figure 2.22 shows changes in εd/εc and 

MDD of PG stabilized nanoemulsions with increasing concentrations of PG in the 

continuous phase. The εd/εc decreased from 14.5 to 0.69 mPa.s corresponding to 5 and 25 

wt% PG, respectively. This decrease in εd/εc might enhance homogenization efficiency 

and thus produce smaller droplets. At the optimal PG concentration (producing the 

smallest MDD), the εd/εc was 1.8, which is within the suggested range in the literature. In 

the present study, changes in εd/εc by either altering the dispersed or continuous phase 

compositions led to a similar result that optimal homogenization efficiency was achieved 

when both phases have comparable viscosities, e.g., εd/εc within 0.5 ~ 2.0.   
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Figure 2.22 Effects of phase viscosity ratio and PG concentration on MDD of PG 

stabilized MCT nanoemulsions (22,000 psi, 3 passes, and room temperature).  

 

          The results of the present study demonstrated that εd/εc can be controlled by 

altering the composition of either the oil or the aqueous phase to improve 

homogenization efficiency. Alternatively, εd/εc can be tailored by controlling 

homogenization temperature because phase viscosities decrease rapidly with increasing 

temperature.  This finding has the practical significance that the incorporation of 

viscosity modifying agents in the emulsion phases with optimal εd/εc could greatly 

facilitate the formation of nanoemulsions. 
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          Overall, nanoemulsions with small MDD were successfully produced by using 

modified starch and other food biopolymers under multiple passes, high pressure 

homogenization. MCT nanoemulsions could be manufactured with a MDD as small as 77 

nm. Homogenization pressure, number of passes through a microfludizer, lipid phase, 

emulsifier type and concentration significantly affected the MDD of nanoemulsions. The 

influence of these factors on MDD was complex and interactions between factors were 

observed. It was found that viscosity ratio between phases had a great impact on 

homogenization efficiency and thus the modification of the emulsion formula to produce 

an optimal εd/εc could produce nanoemulsions. This work has provided a practical 

understanding of the factors influencing the formation of nanoemulsions thereby 

providing guidance for the formulation and processing of them. 
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Chapter 3  

 

Optical Properties and Stability of Nanoemulsions 

Stabilized by Food Biopolymers 
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         Factors influencing the optical properties and physical stability of nanoemulsions 

were examined. It was found that interface composition, relative refractive index, volume 

fraction of dispersed phase and droplet size influenced the turbidity. A polynomial 

relationship was found between mean droplet diameter (MDD) and turbidity within the 

MDD range of 80 to 400 nm. The effects of lipid phase and interface composition on 

turbidity were droplet size dependent. At larger MDD (>150 nm), the lipid phase and 

interfaces with higher refractive indices imparted higher turbidity to the prepared 

nanoemulsions. This effect disappeared as the MDD decreased to ca. 150 nm. At smaller 

MDDs (<150 nm), the turbidity of nanoemulsions seems to be independent on lipid phase 

and particle interface. A linear relationship between volume fraction of dispersed phase 

and turbidity was established. Experiment results demonstrated that matching refractive 

indices between phases led to clear emulsions. Finally the primary destabilization 

mechanism of MCT nanoemulsions emulsified with modified starch was identified as 

coalescence from a two-week shelf life study.  

          This study provides an understanding of how the physicochemical properties of 

nanoemulsions influence their turbidity and stability. The results demonstrated that 

modified starch stabilized nanoemulsions could provide a transparent appearance at low 

volume fraction of dispersed phase but that the stability against coalescence has to be 

improved for potential applications.  
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3.1 Introduction 

 

          Emulsions are widely used in beverage products since one is generally 

incorporating water-insoluble flavors, colors, and actives into an aqueous beverage. 

Beverages containing conventional emulsions tend to be cloudy due to significant light 

scattering. There is a market need for producing emulsion-based beverages that are 

optically clear (1-5). The flavor and nutraceutical industries have been looking for new 

technologies (e.g., micelles, nanoemulsions, and microemulsions) to solve this problem 

(6-9), but this challenge is largely unmet because of the difficulties in formulating such 

emulsions using edible and legally permissible ingredients. Nanoemulsions would seem 

to be promising candidates for addressing this problem. Nanoemulsions with oil droplet 

sizes below 100 nm have the potential to deliver insoluble flavoring materials and yet 

provide a transparent appearance (9-13). Therefore, the unique optical properties of 

nanoemulsions have received more attention recently in the flavor and nutraceutical 

industries. 

          When droplets are much smaller than the wavelength of the incident light, 

Reyleigh scattering occurs (14). Rayleigh scattering explains the blue sky when looking 

away from the sun during the day and the red sky when looking toward the sun. 

Nanoemulsions appear transparent, yet a bit bluish due to the dominance of low-

wavelength light scattered from them. When looking nanoemulsions towards a white 
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light source, they appear transparent with a reddish tinge since the blue light is scattered 

away (15).  

          The optical properties of emulsions are characterized by turbidity which is 

correlated to the emulsion particle size. The relationship between particle size and 

turbidity indicates strong oscillatory behavior, particularly at low wavelengths (16-18). 

The maximum turbidity increases as wavelength decreases. The turbidity at light 

wavelengths similar to the radius of particles reaches a maximum (15, 19). For 

nanoemulsions, the dimension of lipid droplets is much smaller than the wavelength of 

light (r << λ), causing weak light scattering and hence low turbidity (15). 

          Most research on nanoemulsions has centered on particle size reduction using 

small molecule surfactants (20-22) or biological activity in in-vitro studies (23, 24): little 

information is available on the optical properties of real nanoemulsions. The only 

guidance for the present study is the report by Chen et al. (25) on vitamin E nanoparticles 

in a clear beverage application. Chen established a linear relationship between the mean 

droplet diameter (MDD) of vitamin E nanoparticles and turbidity at 62.5 ppm of the 

dispersed phase. However, the relationship that was established was based on a narrow 

particle size range (80 ~ 200 nm) and only a few data points were included.  

          Although turbidity can be predicted through theoretical modeling, the prediction 

has limits in real emulsion systems because a number of assumptions must be made (14, 

16). Hernandez et al. (26) modeled the turbidity of clouding agents in beverages using 

uniform latex particles at different concentrations and particle sizes ranging from 0.1 to 
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5.85 µm. The results showed that for a given particle concentration, turbidity increased as 

wavelength of the scattered light decreased and maximum turbidity was obtained for 

particle size between 0.2 and 0.3µm.  

          In the current study the factors influencing the turbidity of nanoemulsions were 

studied systematically for the first time. These factors include type of lipid phase, droplet 

size, interface composition, relative refractive index (particulate to continuous phase), 

and droplet concentration. The stability of nanoemulsions stabilized by food biopolymers 

was also evaluated. This study had three objectives: 1) identify the critical factors 

determining the optical properties of nanoemulsions; 2) establish a quantitative 

relationship between the droplet size and turbidity of nanoemulsions; and 3) identify 

destabilization mechanisms of nanoemulsions. 

 

3.2 Materials and methods  

 

3.2.1 Materials 

 

          TIC Gums, Inc. (Belcamp, MD, USA) donated samples of prehydrated gum acacia 

spray dry FCC powder (GA), and OSAn modified gum arabic (Ticamulsion
®
 A-2010, 

MGA). OSAn modified starch (Purity Gum 2000, PG) was donated by National Starch 

Corp. (Bridgewater, NJ, USA). Whey protein isolate (WPI) was provided by Davisco 

(BiPRO
®
 whey protein isolate, Eden Prairie, MN, USA). Orange oil terpenes and cold 
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pressed Valencia orange oil were obtained from Citrus and Allied Essences Ltd. (Lake 

Success, NY, USA) and Miglyol
®
812, an MCT, was purchased from Sasol (Houston, 

TX, USA); ester gum was obtained from J.H. Calo Co. (Westbury, NY, USA). Miglyol 

812 is a combination of triglycerides based on the following fatty acid composition: C6:0 

max. 2%; C8:0 50% to 65%; C10:0 30% to 45%; C12:0 max. 2% and C14:0 max. 1% (Sasol, 

Houston, TX, USA, data from technical sheet). The orange terpenes used were comprised 

primarily of limonene (95.6%); myrcene (2.8%); sabinene (2.8%); α-pinene (0.9%); and 

octanal (0.2%) as measured by gas chromatography. Citric acid, sodium citrate, sodium 

benzoate and sodium dodecyl sulfate (SDS) were purchased from Sigma Chemical Co. 

(St. Louis, MO, USA).  

 

 

3.2.2 Methods 

3.2.2.1 Preparation of nanoemulsions  

 

          Solutions of PG, GA, and MGA were prepared in distilled water by mixing for 2 

hrs using an overhead mixer (Carter® 1L.81, Carter Motor, IL, USA) at ambient 

temperature. The WPI and SDS were solubilized by mixing with a magnetic stir bar for 2 

hrs. A coarse emulsion was prepared by blending 5% w/w oil phase (orange terpenes 

with ester gum at a 1:1 ratio, or Miglyol oil with ester gum at a 4:1 ratio) and 95% w/w of 

an aqueous phase containing WPI, GA, PG, or MGA using a high shear mixer (Greerco 
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Corp., Hudson, NH, USA) at ca. 6,000 rpm for 2 min. The resulting pre-emulsion was 

passed through a microfluidizer (Model M-110Y, Microfluidics Corporation, Newton, 

MA, USA) at different pressures and number of passes. A cooling coil immersed in cold 

tap water was used to control the temperature of the emulsions exiting from the 

microfluidizer. Orange terpenes (OT) and Miglyol (MCT) were mixed with ester gum at 

different ratios to produce nanoemulsions with the same density of dispersed phases. In 

this chapter OT and MCT nanoemulsions stand for weighted orange oil terpenes and 

Miglyol nanoemulsions, respectively. All emulsions were prepared in duplicate. 

 

3.2.2.2 Measurement of refractive index 

 

        Refractive indices of dispersed phase were measured at 589 nm using an Abbe 

refractometer (Carl Zeiss, Jena, Germnay) at room temperature. Distilled water was used 

as a standard assuming it had a refractive index of 1.333.  

 

3.2.2.3 Measurement of droplet size of nanoemulsions  

 

      Dynamic light scattering (BIC 90Plus, Brookhaven Instrument Corporation, NY, 

USA) was used to quantitatively determine the mean droplet diameter (MDD) and 

particle size distribution of the prepared nanoemulsions. It included a photometer 

equipped with an electrically heated silicon oil bath, Lexel 95-2 Ar+ laser operating at a 
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wavelength of 488 nm, Brookhaven BI-DS photomultiplier, and Brookhaven BI-9000AT 

correlator. The intensity correlation function was obtained at 25°C and a scattering angle 

of 90º. Correlation functions were fit using the REPES model to determine average 

particle sizes and distribution. GENDIST was used for the REPES Algorithm (23). The 

volume average droplet size (dV) provided by DLS is defined as  

                                                     

Where Ni is the number of particles with a diameter di. The polydispersity index (PDI) is 

defined as below to describe the size distribution of emulsions (28)  

                                  
24

22 )(








q

DD
PDI

 

Where D is diffusion coefficient, D
*
 is the average diffusion coefficient of droplet, q is 

the amplitude of scattering vector, and Γ is decay rate. Generally, PDI < 0.08 indicates 

nearly monodisperse samples, 0.08 < PDI < 0.3 indicate a narrow size distribution, and 

PDI > 0.3 means broad size distribution (29).   

 

3.2.2.4 Measurement of ζ-potential 

 

          The electrical charge on the oil droplets in the emulsions was determined using a 

particle electrophoresis instrument (ZetaPALS, Brookhaven Instruments, Holtsville, NY, 

USA). The δ-potential is determined by measuring the velocity of the droplet when in an 
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applied electrical field. Emulsions were diluted in a 10 mM, pH 3.6 citric buffer and then 

placed in a standard four-sided, 1 cm polystyrene cuvette. A parallel plate electrode (0.45 

cm
2
 square platinum plates with a 0.4 cm gap) was inserted and the cuvette was placed in 

a temperature-controlled holder at 25 °C. Each measurement was set as 90 seconds with 4 

replicates. The δ-potential was calculated from the electrophoretic mobility using the 

Smoulokowski model. 

 

3.2.2.5 Measurement of turbidity 

 

        A Turbidimeter (Hach 2100AN, Geotech Environmental Equipment, Denver, CO) 

with a range of 0-8000 NTU (Nephelometric Turbidity Units) was used to determine the 

turbidity of the nanoemulsions prepared in this study. The turbidimeter consists of a color 

filter module for 455 nm wavelength and a 90 °C angle detector. The turbidimeter was 

calibrated using a series of turbidity standards ranging from 0 to 2,000 NTU. All prepared 

emulsions were diluted to 0.05% w/w dispersed phase for turbidity measurement. Two 

measurements were taken for each sample. 

 

3.2.2.6 Shelf life study 

 

          According to the methods described in section 3.2.2.1, MCT nanoemulsions 

stabilized by 20% w/w PG or 2.5% w/w SDS were prepared using 22,000 psi (3 passes). 
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The continuous phase was prepared using pH 3.6, 10 mM citric buffer instead of distilled 

water. Prepared nanoemulsions were stored at room temperature until droplet size and 

turbidity measurements were made. Both emulsions were prepared in duplicate. 

 

3.3 Results and discussion 

 

3.3.1 Effect of lipid phase on turbidity 

 

          Since the ratio of refractive indices (RI) between the emulsion phases is a main 

parameter related to the intensity of light scattering, it was of interest to investigate how 

this parameter influences nanoemulsion turbidity. Figure 3.1 shows the relationship 

between the MDD and turbidity of nanoemulsions based on OT or MCT as the dispersed 

phase. Although the same trend is evident, i.e. turbidity increased with MDD, the two 

types of nanoemulsions demonstrated very different patterns of light scattering with the 

changes in MDD. When the MDD was large (> 150 nm), the turbidity difference between 

MCT and OT nanoemulsions increased with MDD. However, when droplets were on a 

nano-scale (<150 nm), MCT and OT nanoemulsions showed almost the same turbidity. 

The refractive indices of weighted OT and MCT were measured as 1.5045 and 1.4619, 

respectively.  The higher turbidity of the OT emulsions is attributed to its higher RI. 
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Figure 3.1 Relationship between MDD and turbidity of 5% w/w PG stabilized emulsions 

with OT or MCT as the dispersed phase. Emulsions were produced using different 

pressures (6,000 to 22,000 psi) and a different number of passes through the 

microfluidizer).  

 

          It should be noted that influence of size distribution was ignored in this experiment 

because of the difficulty of incorporating particle size distribution data for real emulsion 

systems. Figure 3.2 shows particle size distribution of OT and MCT emulsions expressed 

as polydispersity index (PDI). All PDIs are smaller than 0.2 which means they have 

narrow size distributions. Moreover, the PDIs of OT and MCT emulsions were not 

related to the dispersed phase but the manufacturing parameters and thus, the PDIs varied 

similarly across the two materials. This result rules out the possibility that difference in 
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size distribution caused the difference in turbidity of OT and MCT emulsions shown in 

Figure 3.1.  

         The effect of particulate phase RI on turbidity can be explained by Rayleigh and 

Mie scattering theories (16, 18). Small droplets (i.e., below 100 nm) follow Rayleigh 

scattering and thus the relative refractive index of the dispersed phase to continuous 

phase has a small impact on light scattering intensity (16). Whereas large droplets (i.e., 

from 100 nm to several microns) follow Mie scattering and the light scattering intensity is 

largely dependent on the relative RI.  

 

 

Figure 3.2 PDI of 5% w/w PG stabilized emulsions produced at different pressures 

(6,000 to 22,000 psi and different numbers of passes through the microfluidizer).  The 

data are presented such that each comparison (emulsion number) is between particulate 

phase types using the same homogenization parameters. 
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           A general conclusion is that the effects of particulate phase material on emulsion 

turbidity are size dependent. When the droplets are within the submicron size range (100 

~ 500 nm), particulate phases with higher RIs imparted higher turbidity and the 

difference in turbidity is exaggerated with increasing MDD. When droplets are within 

nano-scale range (< 100 nm), turbidity seems to be independent of the RI of the 

particulate phase. This finding provided us with a better understanding of the effects of 

particulate phase RI on light scattering and approaches to manufacturing cloudy or clear 

emulsions. Orange oil terpenes, MCT, beeswax, and ester gum are the primary materials 

used to formulate cloud emulsions (30, 31).  Considering RI effects, ester gum (RI ca. 

1.52) and orange oil terpenes (RI ca. 1.47) are the most effective clouding agents while 

beeswax and vegetable oil with RIs ca. 1.44 have less capability to impart cloudiness. 

This explains why emulsions formulated with higher levels of ester gum are more turbid. 

If one wishes to make a clear emulsion, particulate phases with lower RIs are preferred, 

e.g., vegetable oils, beeswax, or a lipid phase without ester gum. 

           

3.3.2 Effect of particle interface on turbidity 

 

          It is understandable that the interface composition and droplet conformation will 

influence turbidity since they affect light scattering. However, no information was found 

on how this interface affects the turbidity on nanoemulsions. Thus, we chose to 

investigate this relationship. Figure 3.3 shows the relationship between the MDD and 
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turbidity of MCT nanoemulsions stabilized by different food polymers and a small 

surfactant. We are assuming that if we compare two emulsions that have the same MDD 

but were made with different emulsifiers, any observed difference in turbidity would be 

due to the particle interface composition. Since the turbidity was measured at 500 ppm of 

particulate phase, changes in RI of the continuous phase with different emulsifiers is 

negligible. The results are interesting because nanoemulsions stabilized by different 

molecules clustered at different locations in the plot. The protein interface (WPI) 

imparted higher turbidity than that of a polysaccharide interfaces (PG and MGA) for 

equivalent MDD. The MGA stabilized emulsions clustered between WPI and PG (5% 

w/w) stabilized emulsions, which may be attributed to its special polysaccharide-peptide 

coupled structure. However, the distribution of SDS and PG (20% w/w) stabilized 

nanoemulsions overlapped within the nano-scale range of droplet size, which suggested 

that the two interfaces have the same pattern of light scattering even though they are 

totally different in composition. This finding may suggest that the effects of interface on 

turbidity are also droplet size dependent. Within a submicron size range, the interface 

greatly affects light scattering; while within nano-scale range, turbidity is less dependent 

on interface composition and conformation. In order to validate this finding, further 

studies were conducted to explore the effect of particle interface on emulsion clarity 
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Figure 3.3 Effect of interface composition on turbidity. (MGA, PG, and SDS emulsions 

were produced at 22,000 psi, variable number of passes; WPI emulsions were produced 

at pressures of 6,000, 14,000, and 22,000 psi, variable number of passes). 

 

          An observation from Figure 3.3 was that WPI emulsions clustered in a large  range 

of turbidity (280 to 550 NTU) but a small range of MDD (125 to 150 nm). Based on the 

small range in MDD for these emulsions, one would not have expected to see such a 

large difference in turbidity.  We postulated that size distribution might have contributed 

to this result (samples may have had a similar MDD but wider particle size distributions). 

Figure 3.4 shows the relationship between turbidity and PDI of 2% w/w WPI stabilized 

MCT emulsions. However, this plot indicates that the size distribution (PDI) was not 

necessarily associated with turbidity in this case. Therefore, it appears that WPI at the 

particle interface imparts more turbidity to an emulsion than the other emulsifiers and the 
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turbidity of WPI stabilized emulsions increased faster with MDD than those stabilized by 

the other emulsifiers tested. 

 

.  

Figure 3.4 Relationship between turbidity and PDI of 2% w/w WPI stabilized MCT 

emulsions (produced at 6,000, 14,000, and 22,000 psi, multiple passes). 

 

          The effect of interface on emulsion turbidity has not been reported yet. This effect 

was also found in MGA stabilized MCT emulsions. Figure 3.6 shows effects of number 

of passes and MGA concentration on MDD and turbidity of MGA stabilized MCT 

emulsions. When the concentration of MGA was increased from 5 to 10% w/w, the MDD 

showed a slight decrease but this was not statistically significant due to large variability 

in the data. However, the turbidity increased greatly with increasing MGA concentration. 

The turbidity of the 10% w/w MGA solution (prepared under the same processing 
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conditions but without MCT) was 1.42 NTU, which excluded the possibility that the 

turbidity increase was associated with the MGA itself. Figure 3.7 shows the particle size 

distribution of MGA stabilized emulsions. The PDIs of all emulsions fell between 0.1~ 

0.2 indicating a very narrow size distributions. Therefore, the difference in turbidity is not 

likely due to differences in MDD or size distribution but due to the changes in interface 

composition. 

 

 

Figure 3.6 Effect of number of passes and MGA concentration on turbidity of MGA 

stabilized MCT emulsions (22,000 psi).  
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Figure 3.7 Relationship between number of passes through the homogenizer and the 

PDIs of 2% w/w WPI stabilized MCT emulsions. 

 

          Further investigation on zeta potential of MGA stabilized emulsions provided 

further evidence that interfacial conformation and composition had an impact on the 

turbidity of emulsions. Figure 3.8 shows that emulsions with 10% w/w GA had a much 

lower interfacial charge than those stabilized with 5% w/w GA. The interfacial charge is 

directly associated with charged molecules on the particle interface. Higher surface 

charges of the 10% w/w MGA stabilized emulsions suggest a higher interfacial load of 

MGA due to denser packing of the MGA molecules on the interface causing greater light 

scattering.  It is well known that gum arabic tends to accumulate at the particle interface 

due to its unique polysaccharide-peptide coupled structure. The change in MGA load and 

packing pattern at the interface leads to changes in interface composition and 
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conformation. It appears that the formation of a thick interfacial membrane of MGA 

strongly affects the scattering of incident light and thus generates higher turbidity of the 

prepared emulsions. 

          The results of this study provide direct evidence that the particle interface has 

substantial impact on the turbidity of emulsions. Generally proteins impart higher 

turbidity to emulsions while polysaccharides impart lower turbidity and polysaccharide-

peptide results in turbidity between the two. This phenomenon can be attributed to both 

the RIs of biopolymers (proteins have higher RIs than polysaccharides) and also the 

conformation/orientation of emulsifier molecules at the interface. However, the impact of 

particle interface on turbidity seems to be droplet size dependent and disappears as 

droplets approach nano-scale. In the present study, we have no information for MDD < 

70 nm due to our inability to create smaller MDD using the emulsifiers we have chosen. 

It would be interesting to validate our conclusions for particles in the range of 20 ~ 70 

nm.  
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Figure 3.8 Effect of number of passes and MGA concentration on zeta potential of MGA 

stabilized MCT emulsions (22,000 psi). 

 

3.3.3 Effect of MDD on emulsion turbidity 

 

          It is desirable to establish the relationship between MDD and turbidity since this 

provides valuable information on the need to control droplet size in manufacturing to 

achieve products of the desired turbidity. Theoretically, specific turbidity is proportional 

to the (MDD)
3
 assuming all droplets are mono-dispersed and droplet size is smaller than 

a tenth of the wavelength of incident light (16). But within a larger range of droplet sizes 

there is a polynomial relationship between MDD and turbidity (19, 26). Figure 3.9 shows 

the plot of MDD vs. turbidity of PG stabilized nanoemulsions. The regression of MDD 

and turbidity showed a good polynomial curve within the droplet size range of 80 to 400 
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nm. Since this curve was based on nanoemulsions with the same lipid phase and 

biopolymer emulsifier, and more than 45 points were included, this line reflects the true 

relationship between MDD and turbidity of emulsions in a practical case. This provides 

us information on the MDDs needed to manufacture emulsions of the desired turbidities.  

 

 

Figure 3.9 Relationship between MDD and turbidity of PG stabilized MCT 

nanoemulsions. 

 

           Interestingly, the curve flattens at about 400~500 nm, which suggests that the 

turbidity reaches a maximum and will decrease with further increases in MDD. This 

observed relationship agreed with the theoretical prediction very well. Based on theoretic 

calculations, turbidity at light wavelengths similar to the radius of particles reaches a 
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maximum (16). In the present study the incident light wavelength is 455 nm, therefore, 

one would expect the MDD with maximum turbidity is within 400 ~ 500 nm. This 

finding provides a better understanding of how to produce cloudy and clear emulsions. If 

one wishes to produce cloudy emulsions, one would want the majority of droplets to fall 

within the flatten area to create the desired turbidity with minimum usage levels. For 

producing clear emulsions, one would want the majority of droplets fall below 100 nm to 

create minimum turbidity. For nanoemulsions, the dimensions of the particulate phase are 

much smaller than the wavelength of light (r << λ), causing weak light scattering and 

hence low turbidity. Therefore, nanoemulsions tend to be transparent in appearance.  

 

3.3.4 Effect of dispersed phase concentration on turbidity 

 

          Considering that in practice lipophilic materials are used at different 

concentrations, e.g., 10 ~ 500 ppm for flavor oils, the relationship between turbidity and 

dispersed phase concentration is of interest. Figure 3.10 shows the correlation between 

turbidity of MCT emulsions and dispersed phase concentrations. A good linear 

relationship was obtained in the range of 100 ~ 1000 ppm of MCT as the dispersed phase.  

Figure 3.11 shows images of emulsion appearance at different concentrations of 

dispersed phase. At 100 ppm of MCT, the emulsion had a turbidity of ca. 50 NTU, which 

is visually close to water. Therefore, biopolymer stabilized nanoemulsions have potential 
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commercial applications for potent flavors, i.e. those that can be used at low 

concentrations. 

 

 

Figure 3.10 Relationship between turbidity and dispersed phase concentration of 5% w/w 

PG stabilized emulsions (22,000 psi, 4 passes).  
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Figure 3.11 Images of MCT emulsions containing different concentrations of dispersed 

phase. Emulsions were stabilized by 5% w/w MGA (top) or PG (bottom) produced at 

22,000 psi (4 passes). From left to right: 500, 400, 300, 200, 100 ppm of MCT in the 

continuous phase. 

 

3.3.5 Effect of continuous phase type on turbidity 

 

          According to light scattering theories, refractive indices of the phases have a 

substantial impact on the turbidity of emulsions. In order to investigate this effect, a 

nanoemulsion concentrate was diluted in sucrose solutions differing in concentrations 

from 0 to 60% w/w. The dispersed phase refractive index (RI) was measured as 1.4619 

and continuous phase refractive indices varied from 1.333 (without sucrose) to 1.4418 
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(60% w/w sucrose). Figure 3.12 shows the correlation between turbidity and RI of the 

continuous phase. A relatively good polynomial correlation was obtained. As expected, 

turbidity drops to zero when the RI of the continuous phase equals the RI of the dispersed 

phase.    

 

 

Figure 3.12 Relationship between turbidity of MCT emulsions and the RI of the 

continuous phase. Emulsions were stabilized with 5% w/w PG, produced at 22,000 psi (4 

passes) and diluted to 500 ppm of dispersed phase.  
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Figure 3.13 Images of MCT emulsions containing 500 ppm of dispersed phase and 

different concentrations of sucrose in the continuous phase. Emulsions were stabilized by 

5% w/w MGA (top) or PG (bottom) produced at 22,000 psi (4 passes). From left to right: 

10, 20, 30, 40, 50, and 60% w/w of sucrose in the continuous phase. 

 

          Figure 3.13 shows the appearance of nanoemulsions as a function of sucrose 

concentrations in the continuous phase. Clarity of the diluted nanoemulsions increased 

with sucrose concentration and was clear at 60% w/w of sucrose. Theoretically, if the RI 

of the dispersed phase matches that of the continuous phase, the turbidity is zero. In turn, 

the RI of the dispersed phase can be determined by extrapolating the curve of turbidity 

vs. RI to zero turbidity where the RI of the continuous phase must equal that of dispersed 

phase. The physics behind this phenomenon is well known but it is not well recognized in 

emulsion formulation. A particular application of this phenomenon is clear beverage 
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syrups, e.g., coffee syrups which have sugar content more than 50% w/w, tend to be 

clear.  

          From Figure 3.12, the RI of the dispersed phase is calculated as 1.481 by 

extrapolating the regression line to zero turbidity, which is larger than the RI of oil phase 

measured as 1.4619. It was postulated that adsorption of emulsifiers at the interface 

increases the RI of the oil globules thus influences light scattering (turbidity) since starch 

has a much higher RI of 1.54 (32) than the oil phase.  

 

3.3.6 Destabilization mechanism of MCT nanoemulsions 

 

        Emulsion stability is a major concern in nearly all applications. The main 

destabilization mechanism of nanoemulsions is suggested to be Ostwald ripening. 

Ostwald ripening is the transport of dispersed phase molecules from small droplets to 

larger droplets through the continuous phase, which is driven by free energy differences 

(33). Analytically one can determine if Ostwald ripening is the main destabilization 

mechanism by plotting the cube of emulsion radius vs. time since manufacture.  This 

process is based on the Lifshita-Slesov-Wagner (LSW) theory as described by the 

equation below (34). 
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Where D is diffusion coefficient of the dispersed phase in the continuous phase, ρ is the 

density of dispersed phase, γ is the interfacial tension, C(∞) reprsents the solubility of the 

oil phase in the bulk phase, V is the molar volume of the oil phase, R is gas constant and 

T is the absolute temperature.  

 

 

Figure 3.14 Changes in the MDD and turbidity of 20% w/w PG stabilized nanoemulsions 

during storage at room temperature.  

 

          Figure 3.14 shows the effect of storage time on both the turbidity and the MDD of 

MCT nanoemulsion concentrates. Both MDD and turbidity increased substantially in the 

first week and then increased slowly. This could have been caused by Ostwald ripening 

or coalescence. On plotting the MDD vs. storage time, a linear relationship between 
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MDD
3
 and storage time was not found (data not shown) which excludes Ostwald 

ripening as the primary destabilization mechanism. It is proposed that coalescence is the 

main destabilization mechanism of MCT nanoemulsions considering that MCT is very 

insoluble in water; however, there is no direct way to prove this hypothesis. However, 

more information was gathered on failure mechanisms by studying SDS emulsified MCT 

nanoemulsions.  

          

 

Figure 3.15 Changes in MDD and turbidity of 2.5% w/w SDS stabilized MCT 

nanoemulsions during storage at room temperature. 

 

          Figure 3.15 presents the MDD and turbidity of SDS emulsified MCT nanoemulsion 

concentrates during storage. Both MDD and turbidity were stable over time which 

indicates that no Ostwald ripening occurred. For SDS and PG stabilized nanoemulsions, 
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the relevant differences are interfacial tension and diffusion coefficient of droplets due to 

bulk phase viscosity differences. If Ostwald ripening occurs, the MDDs of both 

nanoemulsions will increase during storage but with different rates of increase in MDDs. 

Since Ostwald ripening was not observed in the SDS emulsified nanoemulsions, we 

suggest that the primary destabilization mechanism of PG stabilized MCT nanoemulsion 

is coalescence. This conclusion is consistent with Wooster’s finding (34) that vegetable 

oils such as peanut oil, are stable against Ostwald ripening due to their low solubility in 

water.  

          Assuming then that coalescence is the relevant mechanism for particle size changes 

in PG stabilized nanoemulsions, the difference in interfacial charge between PG and SDS 

nanoemulsions may be relevant. PG stabilized nanoemulsions showed a low interfacial 

charge of -3.72 mV, which is not high enough to protect the nanoemulsion from 

coalescence. For emulsions with low electrolyte content in the aqueous phase, a zeta 

potential of 30 mV is found to be sufficient to establish an energy barrier to ensure 

emulsion stability (35-37). It was reported (38) that modified starches (Purity Gum 17773 

and Purity Gum 2000) showed poorer performance in stabilizing beverage clouding 

emulsions (pH 3.6) compared to gum acacia and modified gum acacia. Considering 

substantially larger interfacial area of nanoemulsions than that of cloud emulsions, it is 

not surprising that PG stabilized nanoemulsions is instable against coalescence.   

 

3.4 Conclusions 
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          Overall, we have prepared nanoemulsions with small MDD and low turbidity by 

using modified starch and other food biopolymers. MCT-based nanoemulsions could be 

manufactured with a MDD as small as 77 nm and turbidity as low as 71 NTU at 500 ppm 

of dispersed phase. Factors influencing nanoemulsion turbidity were identified as droplet 

size, dispersed phase concentration, particulate phase RI, and interface composition. 

More specifically, the effects of particulate phase RI and interface composition on 

turbidity were size dependent. The relationship between the MDD and turbidity of 

nanoemulsions was established providing us valuable information on optical properties of 

nanoemulsions. The destabilization mechanism of MCT-based nanoemulsions was 

identified as coalescence instead of Ostwald ripening.  

          This study has provided a practical understanding of the factors influencing the 

optical properties of nanoemulsions thereby providing guidance for the formulation of 

them. However, several issues have to be addressed before practical application is 

possible. More research is needed on stabilizing nanoemulsions to prevent either 

coalescence or Ostwald ripening. Since some flavorings have relatively high solubility in 

water compared to that of vegetable oils, Oswald ripening is likely to be an important 

mechanism. Regarding coalescence, currently there is no obvious way to inhibit it when 

using PG alone since it has a low charge density, insufficient to stabilize the interface.  
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Chapter 4 

 

 Multilayer emulsions as beverage clouding agents 
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          The ability to prepare secondary and tertiary beverage clouding emulsions using a 

layer-by-layer deposition technique was developed. Proteins, β-lactoglobulin (L) and 

sodium caseinate (S), were selected to stabilize the primary emulsions. Biopolymers of 

sodium alginate (S), ι-carrageenan (C), gum Arabic (G), pectin (P), chitosan (Ch), and 

gelatin (Ge) were evaluated as secondary and tertiary layers. Biopolymer concentration 

was optimized based on droplet size and δ-potential. Finally, the performance of 

multilayered emulsions in beverage cloud applications was evaluated.    

          Biopolymer concentration and pH were found critical to the formation of stable 

multilayered emulsions. Protein and polysaccharide type also impacted droplet size and 

δ-potential of multilayer emulsions. Interestingly, β-lactoglobulin was found better than 

sodium caseinate in forming protein-polysaccharide interfacial complexes as 

demonstrated by smaller mean droplet diameters (MDD) of LA, LP and LC than those of 

SA, SP and SC. It was also found biopolymer concentration has to be above a critical 

value (0.2 ~ 0.5% w/w depending on the type of proteins and polysaccharides) to prevent 

multilayer emulsions from bridging flocculation.  Our data showed that both secondary 

(LA, LC, LG) and tertiary (LGC) emulsions formed by electrostatic deposition could 

provide the same performance as traditional emulsifiers of gum Arabic (G) and modified 

starch (M). After four weeks of storage at room temperature, beverage clouds stabilized 

with G, M, LA, LC, LG and LGCh showed MDDs of 0.68, 0.67, 0.90, 0.82, 0.65 and 2.2 

μm, respectively, and turbidity losses of 18, 28, 22, 19, 25 and 17%, respectively. 
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Overall, multilayered emulsions as beverage clouding agent show significant commercial 

values. 
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4.1 Introduction 

 

          Beverage emulsions are oil-in-water emulsions that are prepared in a concentrated 

form and diluted to the desired levels prior to consumption (1-2). A typical formula 

always contains vegetable oil, flavor oil, weighting agents and fat soluble antioxidants as 

the oil phase, whereas the aqueous phase consists of water, emulsifier, stabilizer, 

sweetener, preservatives, dye and acids (3-5). Beverage emulsions are 

thermodynamically unstable systems and thus tend to undergo phase separation during 

storage.  Historically, beverage emulsion stability is problematic due to creaming, 

flocculation, coalescence or Ostwald ripening (5-8). In the beverage and flavor industries, 

the ring test is commonly used to predict the stability of beverage emulsions which is 

based on the observation of a ring (separated oil) at the neck of the beverage bottle (6, 

10).   

          Gum arabic is traditionally the hydrocolloid used for emulsifying and stabilizing 

beverage emulsions. The stability of beverage emulsions heavily relies on the quality of 

the gum arabic: This is reflected by the large amount of research focused on correlating 

the characteristics of gum arabic and its emulsifying performance (11-14). A 

disadvantage of gum arabic as an emulsifier is that it has to be used at relatively high 

concentrations, e.g., 20% w/w for stabilizing 10% w/w flavor oils (10,15). In addition, 

though considered as the industry “gold standard” in stabilizing beverage emulsions, 

there are often problems associated with gum arabic such as consistent quality, 
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availability and cost (10, 14).  Consequently, there is a constant interest in finding 

alternatives to gum arabic, such as modified starch and proteins (10, 16-20).  

          Globular proteins, such as those from milk, are good emulsifiers even at low usage 

levels, e.g., < 1% whey proteins for stabilizing 12.5% w/w oil-in-water emulsions (10, 

20). However, globular protein stabilized emulsions are sensitive to pH, ionic strength 

and thermal treatment (15). Therefore, ideally it would be desirable to have a natural 

emulsifier that can provide good emulsion stability against environment stress but used at 

low levels. 

          Recently considerable research has been done by McClements’ group on 

multilayered food emulsions (21-25). Their results showed that the formation of protein-

polysaccharide double layers at the oil/water interface significantly improves emulsion 

stability. This technique involves the formation of multiple layers of biopolymers at the 

interface using a layer-by-layer (LBL) electrostatic deposition technique. Figure 4.1 

shows the principle of the LBL technique. In this approach, sequential multi-layers of 

oppositely charged polymers are added to form a thick droplet shell. The first step in 

creating this structure is homogenization followed by the addition of a primary 

emulsifier, then an oppositely charged polymer is added with pH adjustment, and  finally 

a third polymer is added to form a thick shell around the emulsion droplets. Based on 

biopolymer electrostatic interactions, various combinations of proteins and 

polysaccharides can be used to form stable O/W emulsions.   
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Figure 4.1 Principle of preparation of multilayered emulsions; reprinted from Ref. 26. 

 

          One of the most important factors determining the formation and properties of 

multilayered emulsions is the solution pH. The pH determines the ionization of surface 

groups and therefore, the final surface charge density (26, 27). Many of the biopolymers 

used in food industry have ionizable groups that are relatively weak acids or bases. The 

negative charges of biopolymers can be from sulfate, phosphate (pKa ≈ 1-2) or carboxyl 

groups (pKa ≈ 4-5), whereas the positive charges come from amino groups (pKa ≈ 7-11) 

(27, 28). At a certain pH, the adsorption of one biopolymer to the oil droplets coated with 

primary emulsifier (e.g., proteins) occurs, and this process largely depends on the 

magnitude and sign of the charges on the two types of biopolymer molecules. 

          Research has shown that multilayer emulsions offer better physical stability against 

environmental stresses, such as pH, salt, thermal processing, chilling and freezing (23-25, 

29, 30). Guzey and McClements (26) presented a thorough review of multilayered 
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emulsions for applications in the food industry. Interestingly, the LBL structures on oil 

droplets also provide additional protection from oxidation and degradation of labile 

compounds with the proposed mechanism that net positive charges of emulsion droplets 

repel iron ions (pro-oxidants) in the continuous phase (21, 22). This effect was 

demonstrated using combinations of sodium dodecyl sulfate (SDS) and chitosan to form 

an interfacial complex. This bi-layer system resulted in reduced p-cymene formation 

from citral over time compared to a gum arabic-based conventional emulsion. However, 

there is little information in the literature on the long term stability of multilayered 

emulsions and their applications in beverages. Therefore, in the present study the 

performance of multilayered emulsions in a beverage cloud application was evaluated.  

           This study has two objectives: 1) to establish the major factors that influence 

interfacial adsorption onto the droplet surface in primary emulsions to form stable 

secondary and tertiary emulsions; and 2) to evaluate the storage stability of secondary 

and tertiary emulsions in beverage cloud applications. In present study, β-lactoglobulin 

and sodium caseinate were selected as emulsifiers to prepare primary emulsions due to 

their high emulsifying efficacy. Sodium alginate, ι-carrageenan, pectin, chitosan, and 

gelatin were selected as secondary or tertiary layer materials because they are used in the 

food industry and offer the desired electrical charge.   

 

4.2 Materials and methods 
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4.2.1 Materials 

 

          Orange oil terpenes were obtained from Citrus and Allied Essences Ltd. (Lake 

Success, NY, USA); orange oil terpenes used were comprised primarily of limonene 

(95.6%); myrcene (2.8%); sabinene (2.8%); α-pinene (0.9%); and octanal (0.2%) as 

measured by gas chromatography. Ester gum was obtained from J.H. Calo Co. 

(Westbury, NY, USA); modified starch (Purity Gum
TM

 2000, M) was obtained from 

National Starch (Bridgewater, NJ, USA); sodium caseinate (S) was obtained from 

American Casein Company (Burlington, NJ, USA). TIC
®
FCC gum arabic (A senegal, G) 

and sodium alginate (A) were donated by TIC gums (Belcamp, MD, USA). Granulated 

FD&C Yellow #6 was purchased from Sensient Colors (Milwaukee, WI, USA); sodium 

hydroxide, hydrochloric acid, sodium phosphate, and citric acid were from Fisher 

Scientific (Fair Lawn, NJ, USA); β-lactoglobulin (L) was provided by Davisco (Eden 

Prairie, MN, USA); ι-carrageenan (C) was obtained from FMC BioPolymer (Piladelphia, 

PA, USA); citrus pectin (P) with a degree of esterification 60%; medium molecular 

weight chitosan (Ch) and sodium benzoate were purchase from Sigma Chemical Co. (St. 

Louis, MO, USA). Type A gelatin (275 bloom/20 mesh, Ge) was purchased from PB 

Leiner (Jericho, NY, USA). 

 

4.2.2 Methods 
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4.2.2.1 Preparation of solutions 

 

          Individual dispersions of 16% w/w gum Arabic (G), 12% w/w modified starch (M), 

1% w/w sodium caseinate (S), 1% w/w ι-carrageenan (C), 1% w/w sodium alginate (A), 

1% w/w chitosan (Ch), 1% w/w type A gelatin (Ge) and 1% w/w pectin (P) were 

prepared with complete hydration and dispersion by stirring with an overhead mixer 

(Carter
®
 1L.81, Carter Motor, IL, USA) for two hours. Type A gelatin was heated to 40 

°C during mixing. The β-lactoglobulin solution (L) (0.5% w/w) was prepared by stirring 

for 30 min using a stir bar. 

 

4.2.2.2 Preparation of multilayered emulsions 

 

          Orange oil terpene-in-water multilayered emulsions were prepared based on the 

electrostatic LBL deposition technique. Figure 4.2 shows the preparation diagram for a 

secondary (double layered) and tertiary (three layered) emulsions. The primary emulsion 

was prepared by premixing 10% w/w oil phase (orange oil terpenes and ester gum at a 

1:1 ratio) and 90% w/w aqueous phase containing 0.5% w/w β-lactoglobulin, 1% w/w 

sodium caseinate, 16% w/w gum arabic or 12% w/w modified starch using a high shear 

mixer (Greerco Corp., Hudson, N.H., USA) at ca. 6,000 rpm for 2 min. The resultant 

coarse emulsion was passed through a Microfluidizer
®
 (Model M-110Y, Microfluidics 

Corporation, Newton, MA, USA) at 13,000 psi, 1 pass. The fine primary emulsion was 
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then diluted with biopolymer solutions and distilled water at appropriate ratios. The pH of 

the resultant emulsions was adjusted to 3.6 to form the double layer at the oil droplet 

surface. Solutions of 0.1M HCl or NaOH were used to adjust pH. Then the resultant 

secondary emulsions were sonicated (FS110H, Fisher Scientific, Fairlawn, NJ, USA) for 

5 min (output 42 kHz) to break flocs. The secondary emulsion was further diluted with 

another biopolymer solution to form a tertiary emulsion followed by sonication 

(secondary and tertiary emulsions for stability testing were passed through a 

microfludizer at 3,000 psi for 1 pass to break flocs). The pH of prepared tertiary 

emulsions was adjusted to 3.6.           

 

 

Figure 4.2 Schematic diagram of producing multilayered emulsions. 
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          Figure 4.3 shows the combinations of different biopolymers used in this study to 

produce secondary and tertiary emulsions. It should be noted that the oil phase fraction 

was kept at 5% w/w in both the secondary and tertiary emulsions by changing the ratios 

of emulsion, biopolymer and distilled water. For secondary emulsions, the primary 

emulsion was diluted with biopolymer solution and distilled water to form secondary 

emulsions with 5% w/w oil phase. For tertiary emulsions, the primary emulsion was 

diluted to form secondary emulsions with 7.5% w/w oil phase and the resultant secondary 

emulsion was then diluted with another biopolymer solution and distilled water to form 

tertiary emulsion with 5% w/w oil phase. The oil phase fraction was intentionally kept 

the same to compare their shelf life stability during storage. 

  

 

Figure 4.3 Schematic diagram of combinations of different proteins and polysaccharides 

for producing secondary and tertiary emulsions. 
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4.2.2.3 Measurement of ζ-potential  

 

          The electrical charge on the oil droplets in the emulsions was determined using a 

particle electrophoresis instrument (ZetaPALS, Brookhaven Instruments, Holtsville, NY, 

USA). The δ-potential is determined by measuring the velocity of the droplet when 

placed in an applied electrical field. Emulsions were diluted in10 mM citric buffer (with 

the same pH as the emulsion concentrates) and then placed in a standard four-sided, 1 cm 

polystyrene cuvette. A parallel plate electrode (0.45 cm
2
 square platinum plates with a 0.4 

cm gap) was inserted and the cuvette was placed in a temperature-controlled holder at 25 

°C. Each measurement was set as 90 sec with 3 replicates. The δ-potential was calculated 

from the electrophoretic mobility using the Smoulokowski model. 

 

4.2.2.4 Droplet size measurement 

 

The mean droplet diameter (MDD) of emulsions was determined using a Mastersizer S 

(Malvern Instruments, Southborough, MA) at an obscuration between 20 and 25%. 

Measurements of volume/mass-based MDD were recorded. The lower size limit for this 

instrument is 0.50 μm and the upper size limit is 900 μm. To determine the MDD of 

emulsion concentrates, emulsion was added dropwise to the sample collector containing 

buffer solution with the same pH as the emulsion concentrates until the required 

obscuration was reached. All emulsions were prepared in duplicate except that emulsions 
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for stability testing were prepared in triplicate. To measure the MDD of beverages, 

samples were gently mixed (by turning bottles upside-down) and then poured into the 

sample collector containing pH 3.6, 10 mM citric buffer until the required obscuration 

was reached. All samples were analyzed in duplicate. The results were subjected to a one-

way analysis of variance (ANOVA). Individual treatments were compared using Fisher’s 

least significant difference (LSD) test. All statistical analysis was performed using 

Statgraphics Centurion XV statistical software (Herndon, VA, USA) at a significance 

level of α = 0.05. 

 

4.2.2.5 Beverage preparation  

 

          The beverage formula used to evaluate beverage cloud stability is presented in 

Table 4.1. Beverages were made three days after preparation of the emulsion 

concentrates. Seven 8 oz. clear plastic bottles were prepared from each emulsion. One 

bottle was used for monitoring appearance (visual), one bottle for the turbidity testing, 

and other five bottles for weekly MDD measurements. Beverages were stored at room 

temperature and analyzed weekly for four weeks.  
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Table 4.1 Beverage formulations. 

 Ingredient      Sucrose  Citric acid    Sodium      Emulsion     Yellow #6    Distilled water   

                                                            benzoate   concentrate   1% solution             

Concentration    10           0.3               0.05               2               0.3                 q.s. 100 

    % w/w 

 

4.2.2.6 Measurement of beverage turbidity 

 

          Changes in turbidity over time were determined using a spectrophotometer 

(Spectronic 20, Spectronic Instrument, Inc., Rochester, NY, USA) at a wavelength of 400 

nm. Since the added dye increased the absorbance tremendously, all samples had to be 

diluted in order to be able to read the absorbance. To prepare the dilution, 1 mL of 

beverage was carefully pipetted from the bottom of each bottle so as not to disturb the 

sample and then diluted 10 times with pH 3.6, 10 mM citric buffer. Distilled water served 

as the blank.  

 

4.2.2.7 Ringing test 

 

          A white ring appears in the neck of a bottle when sufficient creaming has occurred 

in a beverage. Any beverage that formed a visible ring on storage was considered 

unstable. Both the beverage concentrates and the resulting beverages were checked for 

signs of ringing during storage, respectively, daily for 3 d and once per week over 4 wk. 
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Rings that formed were easily identified since they were white in contrast to the dyed 

solution. 

 

4.3 Results and Discussions 

 

4.3.1 Effect of pH on the formation of secondary emulsions 

 

          The pH is critical in the formation of the multilayers because it affects the sign and 

density of charges of biopolymers (e.g. proteins and polysaccharides). When system pH 

is below the pI, proteins take a net positive charge and otherwise they are neutral (at pI) 

or take a net negative charge. Except for chitosan, all polysaccharides used as second or 

third layers had a negative charge. The charge density on a biopolymer depends on its 

pKa and the pH of the continuous phase. Table 4.2 presents the pI or pKa of all 

biopolymers used in the present study. 

 

Table 4.2 pI and pKa of biopolymers. 

Proteins                 Sodium caseinate                 β-lactoglobulin               Type A gelatin                                       

   pI                                     4.6                                4.7～5.2                         7～9 

Polysaccharides     Sodium alginate        Chitosan           ı-carrageenan          Pectin 

       pKa                      3.3～3.6                 6.3～7.0                  2.0                  3.5～4.5 
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          Figure 4.4 shows the charge reversal of β-lactoglobulin-carrageenan (LC) 

secondary emulsions when changing pH (3.6 vs. 6.2) or upon the addition of negatively 

charged carrageenan.  At pH 3.6, the primary emulsion had a δ-potential of ca. + 52.9 mV 

imparted by β-lactoglobulin due to the net positive charge below its pI, whereas at pH 

6.2, the primary emulsion had a δ-potential of ca. -29.1 mV due to the net negative 

charge of β-lactoglobulin above its pI. At both pHs, the δ-potential of emulsions 

decreased with increasing carrageenan concentrations. In the system at pH 3.6, there was 

a reversal of δ-potential upon the addition of carrageenan indicating interactions between 

β-lactoglobulin and carrageenan – essentially the neutralization of the positive protein 

charge and dominance of the carrageenan negative charge.  Further addition of 

carrageenan led to a negative δ-potential introduced by sulfate groups of the carrageenan.  

          In the system at pH 6.2, the δ-potential of the emulsions also decreased with 

increasing carrageenan concentrations. This phenomenon could be explained by the 

attractive forces between β-lactoglobulin and carrageenan, e.g., hydrogen bonding, 

hydrophobic interactions and electrostatic interactions between sulfate and amine groups. 

These interactions are weaker compared to the strong electrostatic interactions in the 

system at pH 3.6. Interestingly at both pHs the δ-potential slightly increased when the 

carrageenan concentration increased from 0.2 to 0.4% w/w. These data clearly show that 

anionic carrageenan molecules adsorbed to the surface of the cationic protein-coated 

droplets until a critical carrageenan concentration was reached. It is quite understandable 

that when the droplet surfaces were completely coated with carrageenan molecules, 
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further adsorption was prevented due to saturation of all the available cationic sites, 

electrostatic repulsion between adsorbed and non-adsorbed carrageenan molecules, or 

steric hindrance (27).  

 

 

Figure 4.4 Charge reversal on pH changes; β-lactoglobulin-carrageenan multilayer 

emulsions with 0.25% β-lactoglobulin and 5% oil phase. 

 

          The effect of pH on β-lactoglobulin-carrageenan interactions also can be elucidated 

by measuring droplet size changes (Figure 4.4). At pH 6.2, emulsion MDD was relatively 

stable (ca. 0.67 µm) and is independent of carrageenan concentration, which suggests 

there is no strong interaction between carrageenan and the droplet surface of the primary 
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emulsions.  In contrast, at pH 3.6 with increasing concentration of carrageenan, the 

emulsion MDD increased first and then decreased to a plateau value (ca. 1.18 µm). The 

concentration of carrageenan corresponding to the plateau value agreed with that where 

emulsions reached the lowest δ-potential. The changes in both MDD and δ-potential 

suggest that an interfacial complex of β-lactoglobulin-carrageenan (LC) was formed. The 

impact of polysaccharide concentration on droplet size of secondary emulsions is 

discussed in detail in Section 4.3.2. 

 

4.3.2 Effects of biopolymer concentration on the formation of secondary emulsions  

  

         Different biopolymers with variable concentrations were added to β-lactoglobulin 

or sodium caseinate stabilized primary emulsions in order to form secondary emulsions. 

Figure 4.5 shows the effects of polysaccharide concentration on δ-potential and MMD of 

secondary emulsions stabilized by β-lactoglobulin-pectin (LP) and β-lactoglobulin-

alginate (LA). With increasing biopolymer concentration, LP and LA emulsions have 

similar pattern in terms of MDD and δ-potential. The sharp decrease of δ-potential at low 

concentrations of pectin and alginate illustrated strong electrostatic interactions between 

β-lactoglobulin and polysaccharides. Charge reversal occurred with adding 0.02 ~ 0.05% 

w/w polysaccharides. Alginate imparted more negative charge to the interface than pectin 

due to the high degree of esterification (60%) of the pectin and thus, less carboxyl groups 

were available. The MDD of the LA system decreased from 136 μm at 0.1% w/w alginate 
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to 1.2 μm at 0.4% w/w alginate. The MDD of the LP system was quite small (ca. 0.65 

μm) at 0.02% w/w pectin, but increased to 10 ~ 20 μm at 0.05 ~ 0.4% w/w pectin.  

 

 

Figure 4.5 Effects of pectin and alginate concentration on MDD and Zeta-potential of 

LA, and LP; emulsions contained 0.25% β-lactoglobulin and 5% oil phase; β-

lactoglobulin-pectin, LP, and β-lactoglobulin-alginate, LA.  

 

          Figure 4.6 shows the effects of polysaccharide concentration on the δ-potential and 

MDD of secondary emulsions made of sodium caseinate-pectin (SP), sodium caseinate-

alginate (SA), and sodium caseinate-carrageenan (SC). When polysaccharide 

concentration was above 0.2% w/w, the MDD was relatively unchanged. SP, SA, and SC 

multilayered emulsions showed larger MDD (2.8 ~ 5.4 μm) than LC and LA.  
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Figure 4.6 Effect of polysaccharide concentration on MDD and Zeta-potential of SP, SA 

and SC: emulsions contained 0.5% sodium caseinate and 5% oil phase; caseinate-pectin, 

SP, sodium caseinate-alginate, SA, and sodium caseinate-carrageenan, SC.  

         

While both protein and gum arabic have good emulsification properties, they have 

different primary stabilization mechanisms, i.e. steric and electrostatic forces. At pH 3.6, 

gum arabic takes on a net negative charge and interacts with sodium caseinate or β-

lactoglobulin assuming there is no competition for absorbing onto the droplet surface 

between these emulsifiers. Therefore, it is of interest to investigate protein-gum arabic 

interactions on the particle interface. Figure 4.7 shows the effect of gum arabic 

concentration on MDD and δ-potential of sodium caseinate-gum arabic (SG) and β-
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lactoglobulin-gum arabic (LG) multilayered emulsions. LG showed a smaller MDD and 

lower δ-potential than SG at 0.5% w/w gum arabic.   

           

 

Figure 4.7  Effect of gum arabic concentration on MDD and Zeta-potential of LG and 

SG; emulsions contained 0.25% β-lactoglobulin or 0.5 sodium caseinate, and 5% oil 

phase; sodium caseinate-gum arabic, SG) and β-lactoglobulin-gum arabic, LG. 

 

          Figures 4.5, 4.6 and 4.7 demonstrated that anionic biopolymer concentration (Cbp) 

is crucial to form secondary emulsions with small MDDs. More specifically, only when 

Cbp is above a critical level, can secondary emulsions with small MDDs be created. 

Results show that alginate and carrageenan have a critical Cbp of 0.2% w/w, whereas gum 

arabic has a critical of Cbp 0.5% w/w. The concept of critical Cbp has been reported in 
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literature (26, 27) as the saturation concentration of a polysaccharide on the particle 

interface (CSat). When the polysaccharide concentration is insufficient to completely 

saturate the droplet surface, bridging flocculation occurs. Without complete coverage by 

a secondary polysaccharide layer, oil droplets would have both positive and negative 

patches on the surfaces, which promote droplet aggregation upon collision. It is also 

suggested that when free polysaccharide concentration in the continuous phase is high 

and exceeds a critical value (CDep), depletion flocculation occurs because the attractive 

depletion forces are strong enough to overcome the various repulsive forces (e.g., 

electrostatic and steric).  Therefore, to produce a stable multilayered emulsion against 

bridging and depletion flocculation, it is necessary to ensure CSat. < Cbp < CDep. In this 

present study, the polysaccharide concentrations were well below CDep, so no depletion 

flocculation was observed.  

          Interestingly, pectin was not functional in this application: emulsions with large 

MMD were formed with both β-lactoglobulin and sodium caseinate resulting in rapid 

phase separation. The large MDDs of LP and SP emulsions may be attributed to the low 

charge density of the pectin due to its high degree of esterification of pectin (60%) and 

pKa close to that of the system (3.6). After careful examination of the δ-potential changes 

with increasing polysaccharide concentration, it was found LP showed smaller and 

slower changes than LA or LC indicating weaker electrostatic interactions with the β-

lactoglobulin. We postulate that this weak interaction might promote droplet aggregation 

during mixing and homogenization. To the contrary, interactions of β-lactoglobulin-
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carrageenan and β-lactoglobulin-alginate were strong demonstrated by a sharp decrease 

in δ-potential with increasing concentration of carageenin or alginate, which is also 

reported by Harnsilawat et al. (15) in a model beverage emulsion. 

          As one might expect, protein types also affected the formation and stability of 

multilayered emulsions. β-lactoglobulin showed better performance in forming protein-

polysaccharide interfacial complexes as was reflected by much smaller MDDs of LA, LC 

and LG (0.65 ~ 1.18 µm) than those of SA, SC and SG (2.8~ 5.4µm). Although both 

proteins have similar pI, their differences in molecular structure and conformation at the 

interface may account for the difference in interactions. Sodium caseinate has minimal 

solubility and charge density at pH 3.7 ~ 4.6 (31, 32) which is close to the system pH 

(3.6). This low pH reduces emulsifying efficacy of sodium caseinate (33, 34) and 

promotes irreversible droplet aggregation (32). This may explain the larger MDDs and 

poor stability of sodium caseinate-polysaccharide multilayer emulsions at acidic 

conditions.  

 

4.3.3 Effects of biopolymer concentration on the formation of tertiary emulsions    

 

          Since β-lactoglobulin was more effective than sodium caseinate in forming 

secondary emulsions, only β-lactoglobulin was used as primary emulsifier in the study of 

tertiary emulsions. Chitosan and gelatin were used in forming the tertiary layer of the 

emulsions: β-lactoglobulin-gum arabic-chitosan (LGCh), β-lactoglobulin-gum arabic-
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gelatin (LGGe), and β-lactoglobulin-carrageenan-gelatin (LCGe). Figure 4.8 shows the 

effects of tertiary cationic biopolymer concentration on the MDD and δ-potential of 

LGCh, LGGe, and LCGe. LGGe and LCGe showed relatively large MDDs (26.6 and 

110.7 μm, respectively) and small δ-potentials. Changes in the δ-potential of LGGe (68.9 

mV) and LCGe (39.26 mV) upon adding 0.4% w/w gelatin is much smaller than that of 

LGCh (140 mV) upon adding 0.4% w/w chitosan. The LGCh emulsion gave the best 

results providing an emulsion with a MDD of 2.8 um when 0.4% w/w chitosan was used 

in the system. This difference between gelatin and chitosan indicates chitosan has strong 

interactions at the secondary emulsion interface whereas gelatin has weak interactions.   

 

 

Figure 4.8 Effect of chitosan and gelatin concentration on tertiary emulsion formation; 

emulsions contained 0.25% β-lactoglobulin and 0.5% gum arabic or 0.2% carrageenan; 

β-lactoglobulin-gum arabic-chitosan, LGCh; β-lactoglobulin-gum arabic-gelatin, LGGe; 

and β-lactoglobulin-carrageenan-gelatin, LCGe. 
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           Type-A Gelatin used in this study has a pI of 7~ 9, which suggests it should be 

highly charged at pH 3.6. Thus, one would expect gelatin to strongly interact at the 

interface of secondary emulsions and show charge reversal at low concentrations of 

gelatin. The fact that this was not observed is not understoodt. The use of gelatin in this 

study was inspired by the fact that gelatin and gum arabic are commonly used to prepare 

complex coacervates through electrostatic interactions at acid conditions (35, 36). 

However, our data on δ-potential indicated that gelatin did not adsorb well to the surface 

of secondary layer. We propose that the strong repulsive electrostatic interactions 

between gelatin molecules prevented deposition of gelatin at the particle interface.    

          

4.3.4 Multilayered emulsions in beverage cloud applications 

 

          As noted in this thesis, multilayered emulsions of LA, LG, LC and LGCh were 

successfully produced with small MDDs indicating potential in beverage clouds 

applications. Thus, it was of interest to compare their performance to traditional 

emulsifiers, i.e. gum arabic (G) and modified starch (M), in stabilizing beverage cloud 

emulsions. Table 4.3 shows the biopolymer compositions and concentrations of 

emulsions with single (G and M), double (LG, LA and LC) and tertiary (LGCh) layers of 

interfacial complexes.  
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Table 4.3 Biopolymer compositions of emulsions for stability testing.  

  Emulsions                              Biopolymer concentration (% w/w) 

      G                                        gum arabic 16  

     M                                        modified starch 12 

     LG                                      β-lactoglobulin 0.25, gum arabic 0.5 

     LA                                     β-lactoglobulin 0.25, sodium alginate 0.4 

     LC                                      β-lactoglobulin 0.25, carrageenan 0.2 

    LGC                                    β-lactoglobulin 0.25, gum arabic 0.5, chitosan 0.4 

 

           Figure 4.9 shows changes in MDD of beverage clouds during four weeks of 

storage at room temperature. The MDDs of emulsions G, M, LA, LC and LG were stable 

during storage while the MDD of LGCh increased and exhibited excessive variation. 

After four-weeks of storage, LGCh had a MDD of 2.2 μm, whereas G, M, LC and LG 

had MDDs 0.68, 0.67, 0.82, and 0.65 μm, respectively. It is interesting that LA showed a 

significant decrease in MDD during storage with an initial MDD of 1.04 μm and then 

0.90 μm after 4 weeks. Reiner et al (10) reported similar phenomenon in orange oil 

terpene-based beverages and proposed that loss of biopolymers from the surface of oil 

droplets in diluted solutions caused the decrease in MDD. This would most likely occur 

for protein-polysaccharide interfacial complexes with weak electrostatic interactions. The 

large variations observed in MDD for LGCh tertiary emulsions suggest that the 

interfacial complexes are not stable and the reproducibility of their preparation is poor.  
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Figure 4.9 Changes in MDD of beverage clouds during storage at room temperature. 

 

         The observation of variable MDD of tertiary emulsions was also reported in other 

studies (23, 27). This is inherently associated with the process of producing tertiary 

emulsions. An issue in producing tertiary emulsions is the disruption of interfacial 

structure during mixing, sonication or low pressure homogenization. The orientation of 

biopolymer molecules on the interface may be affected by intense mechanical shear 

causing interfacial rearrangement of macromolecules. On the other hand, without 

mechanical shear, the flocs promote droplet aggregation and thus destabilize tertiary 

emulsions. Therefore, the process to prepare tertiary emulsions from secondary emulsions 

has to be optimized to obtain smaller MDD without changing interfacial structures 

considerably.  
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Figure 4.10 Changes in turbidity (absorbance) of beverage clouds during storage at room 

temperature. 

 

          During storage, all beverage clouds lost significant absorbance (turbidity, Figure 

4.10). Absorbance decreased most quickly during the first week of storage and then the 

rate of slowed on further storage. In terms of clouding ability, initially, LA and LC have 

the highest absorbance, G and LG have the second highest absorbance, and M had the 

lowest absorbance. After four weeks of storage, GA, MS, LA, LC, LG, and LGC lost 

absorbances of 18.4, 27.6, 21.9, 18.7, 24.9 and 16.5%, respectively (Figure 4.11).  

Statistically, GA, LA, LC and LGCh showed the same loss of absorbance whereas MS 
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and LG had the same loss. It should be mentioned that turbidity measurements have 

somewhat large variability which is inherently associated with the method of sampling.  

 

 

Figure 4.11 Loss of turbidity (absorbance) of beverage clouds after 4 weeks of storage at 

room temperature; different letters stands for significant difference in absorbance loss. 

 

          The loss of turbidity on storage is a common phenomenon in diluted beverage 

emulsions and has been reported in literature (5, 6, 8, 10). In the present study, this is 

most likely due to creaming. The rate of turbidity loss depends on the creaming velocity 

which is accelerated by emulsion flocculation, coalescence and Ostwald ripening.  

Interestingly, LGCh had the largest MDD but the lowest loss of absorbance. While this is 

counter intuitive, this may be attributed to the thick interfacial layer and electrostatic 

repulsive forces preventing droplets from destabilization by flocculation and coalescence 
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and thus, reducing the creaming velocity of the droplets. This observation demonstrates 

that particle size is not always a good predictor of emulsion stability. 

          Figure 4.12 shows the images of beverage clouds after 4 weeks of storage at room 

temperature. No ringing occurred for G, M, LA, LC, and LG, which suggests that 

secondary emulsions are as stable as conventional emulsions (at least within the storage 

period observed in this study). It was difficult to conduct the ring test in the LGCh 

beverage because we could not use the dye in this system due to its incompatibility with 

chitosan. Nevertheless, while the ring test may be less sensitive in this beverage, no 

ringing was observed. Our results suggest that multilayer emulsions with low biopolymer 

usage levels may have the potential to replace gum arabic and modified starch as 

stabilizers in beverage cloud emulsions. One must recognize that using a protein in this 

application has other impacts in terms of potential flavor interactions (Maillard 

reactions), allergen labeling, and pH or salt sensitivity.   
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Figure 4.12 Images of beverage clouds after 4 weeks of storage at room temperature; 

from left to right: G, M, LA, LC and LG; LGCh not shown due to incompatibility of 

yellow # 6 and chitosan in the beverage. 

 

4.4 Conclusions 

 

          This study has shown that secondary and tertiary emulsions suitable for beverage 

cloud applications could be produced using the LBL deposition technique. The interfacial 

complex is formed by protein-polysaccharide electrostatic interactions. Consistent with 

the literature, pH and biopolymer concentrations are crucial for producing stable 

multilayered emulsions. Biopolymer concentration has to be within an optimal range to 

prevent bridging and depletion flocculation. Protein and polysaccharide types also affect 

the formation and stability of multilayered emulsions. Electrical characteristics of the 

interfacial complex are determined by the charge density of the proteins and 
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polysaccharides governed by solution pH and biopolymer type. Results of limited 

stability testing suggests that multilayer emulsions stabilized by protein-polysaccharide 

complexes could provide the same stability as monolayer emulsions stabilized using 

conventional emulsifiers in beverage applications.   

          While the literature suggests that multilayer emulsions are quite stable to 

environmental stresses, e.g., pasteurization, high mineral content, etc., these factors need 

to be evaluated for the specific emulsifier systems developed in this study. 
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Chapter 5 

  

Preparation, Characterization and Beverage Cloud  

Applications of Water/Oil/Water Emulsions 
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          The objective of this study was to use a concentrated sucrose solution as a natural 

weighing agent to increase the density of the oil phase by forming water-in-oil-in-water 

(W/O/W) double emulsions (also called multiple emulsions). Double emulsions were 

characterized by transmission electron microscopy, confocal microscopy and a particle 

size analyzer. Lipophilic and hydrophilic emulsifiers, process parameters and the stability 

of double emulsion concentrates and dilutes were evaluated.  

          The results indicated that mean droplet diameter (MDD) of W/O emulsions 

decreased with increasing emulsifier (polyglycerol polyricinoleate, PGPR) concentration.  

Homogenization pressure and number of passes through a microfluidizer affected MDD, 

size distribution and encapsulation efficiency (EE) of yellow #6 (included in the water 

phase as a marker of encapsulation efficiency). The hydrophilic emulsifier type and oil 

phase type had a large effect on EE and stability of the W/O/W emulsion concentrates 

and diluted emulsions. A high EE (>85%) was achieved in gum acacia (GA) stabilized 

double emulsions whereas Tween 20 and modified starch (MS) stabilized double 

emulsions showed low EE (< 50%) demonstrating that the type of hydrophilic emulsifier 

is a critical factor governing stability of double emulsions. Gelling the inner aqueous 

phase proved to be ineffective in improving EE and stabilizing the double emulsion in 

this present study. In contrast, double emulsions containing gelled water droplets tended 

to have wider size distributions and lower stability compared to those without gelatin. 

          Results on beverage cloud applications of double emulsions indicated that GA 

stabilized emulsions are more stable to turbidity loss and ring formation than those 
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stabilized by MS. Beverage clouds containing OT-based W/O/W emulsions without 

gelling the inner phase showed low turbidity loss during shelf-life without ring formation 

demonstrating potential commercial value of these emulsions. However, more research is 

needed to better understand the destabilization of double emulsions and improve their 

stability during long-term storage. 
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5.1 Introduction 

 

          Double emulsions, also called multiple phase emulsions, are a complex dispersion 

system in which the droplets of one dispersed phase are further dispersed in another 

phase (1, 2). Water-in-oil-in-water (W/O/W) emulsions (Figure 5.1) are the most 

common double emulsions. They are created using conventional homogenization in a 

two-step process. First, a W/O primary emulsion is prepared by homogenizing an oil 

phase and an aqueous phase in the presence of a lipophilic emulsifier; second, a W/O/W 

secondary emulsion is prepared by homogenizing the W/O emulsion with another 

aqueous phase in the presence of a hydrophilic emulsifier (3-5). Lipophilic and 

hydrophilic emulsifiers absorb at the interfaces of W/O and O/W, respectively, and form 

thick films which govern the stability of the double emulsions.   

   

 

Figure 5.1 Schematic representative of W/O/W emulsions. 
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          Increasing attention has been devoted to W/O/W emulsions due to their unique 

multiple compartment structure and potential applications (6, 7). W/O/W emulsions show 

potential applications for the controlled release of chemical substances initially entrapped 

in the internal droplets. They are mostly investigated as vehicles for various hydrophilic 

drugs (vaccines, vitamins, enzymes, hormones, etc.) that would be slowly released from 

inner to outer aqueous phase (5, 8-10). W/O/W emulsions are also promising in food 

applications mainly with relation to their capability to encapsulate water-soluble actives 

in the inner compartment (7, 11, 12). Several new food products based on W/O/W 

emulsions have been patented, such as reduced fat mayonnaise (partial replacement of fat 

with the aqueous compartments) and salted creams (encapsulation of salt) (13-15). 

          The stability of W/O/W emulsions is a major concern in practical applications (2, 

12) and several methods have been proposed to improve their stability. The methods can 

be summarized as three categories: stabilizing the W/O interface (16-18), modifying the 

oil phase (19-21), and stabilizing the O/W interface (22-25). It has also been proposed 

that stability might be increased by thickening or gelling the inner, aqueous phase, 

especially if a network is formed through the inner water droplets (3). Muschiolik et al. 

(26) reported significant droplet size reduction of double emulsions by incorporating 

gelatin in the inner aqueous phase. Surh et al. (3) also reported a slight increase in 

encapsulation efficiency of selected marker compounds in the water droplets by gelling 
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the inner aqueous phase with whey protein isolated after heat treatment. However, studies 

on long-term stability and encapsulation efficiency of W/O/W emulsions are rare.  

          The overall objective of present study was to investigate the stability of W/O/W 

emulsions containing sucrose and gelatin in the inner phase and their applications as 

beverage clouding agents. This type of emulsion potentially can offer two advantages: 1) 

potentially eliminate weighing agents (e.g., ester gum) from the product label; and 2) 

produce more stable emulsions since a saturated sucrose solution has a density of 1.32 

g/mL: this is considerably more dense than the traditional weighting agent – ester gum 

(1.08 g/mL). In this study, a concentrated sucrose solution was used as the inner aqueous 

phase with and without gelatin to prepare W/O/W emulsions. Adding gelatin to the inner 

phase provided the opportunity to evaluate the effect of gelling the inner phase on the 

stability of double emulsions. Both orange oil terpenes (OT) and medium chain 

triglycerides (MCT) were investigated as the oil phase. Different hydrophilic emulsifiers 

including Tween 20, modified starch (MS), and gum arabic (GA) were compared in 

terms of producing stabilize double emulsions. The primary process parameters for 

preparing secondary emulsions, i.e. process pressure and number of passes through 

homogenizer (critical parameters controlling particle size and encapsulation efficiency of 

double emulsions) were investigated. Finally, the stability of both W/O/W emulsion 

concentrates and diluted forms were evaluated to determine commercial feasibility as 

beverage clouding agents. 
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5.2 Materials and Methods 

 

5.2.1 Materials 

          Orange oil terpenes were obtained from Citrus and Allied Essences Ltd. (Lake 

Success, NY, USA) and Miglyol
®
812, a medium chain triglyceride (MCT), was 

purchased from Sasol (Houston, TX, USA); Miglyol 812 is a combination of triglycerides 

based on the following fatty acid composition: C6:0 max. 2%; C8:0 50% to 65%; C10:0 30% 

to 45%; C12:0 max. 2% and C14:0 max. 1% (Sasol, Houston, TX, USA, data from technical 

sheet). The orange oil terpenes used were comprised primarily of limonene (95.6%); 

myrcene (2.8%); sabinene (2.8%); α-pinene (0.9%); and octanal (0.2%) as measured by 

gas chromatography. TIC Gums, Inc. (Belcamp, MD, USA) donated samples of 

prehydrated gum acacia spray dry FCC powder (GA). Modified starch (Purity Gum
TM

 

1773, MS) was donated by National Starch Corp. (Bridgewater, NJ, USA). Polyglycerol 

polyricinoleate (PGPR) was purchased from Danisco (New Century, KS, USA). 

Granulated FD&C Yellow #6 was purchased from Sensient Colors (Milwaukee, WI, 

USA). Sodium hydroxide, Sodium benzoate and hydrochloric acid were purchased from 

Sigma Chemical Co. (St. Louis, MO, USA). Tween 20, citric acid and sodium citrate 

were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Type A gelatin (275 Bloom 

strength, 20 mesh) was provided by PB-Leiner (Davenport, IA, USA).  

 

5.2.2 Methods 
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5.2.2.1 Preparation of solutions 

 

          PGPR was dispersed in OT or MCT at different concentrations and stirred using a 

stir bar at 50 ℃  for 30 min. A 10mM citric acid/ sodium citrate buffer (pH 3.6) was used 

to prepare inner and outer aqueous phase. Inner aqueous phase was prepared as follows: a 

60% (w/w) sucrose solution was first prepared using pH 3.6 buffer at 50 ℃ , and then 4% 

(w/w, based on water content) gelatin was slowly added to the sucrose solution at 75 – 80 

℃  stirring for about 1 hr until gelatin totally dissolved, and finally 0.13% (w/w) FD&C 

Yellow #6 was added. The inner phase was transferred to a 50 ℃  water bath to keep it 

from gelling.  Gum arabic and modified starch were completely hydrated using an 

overhead mixer (Carter
®
 1L.81, Carter Motor, IL, USA) stirred for 2 hrs at room 

temperature and then stored overnight at 4 ℃ . A Tween 20 solution was prepared by 

adding it to the aforementioned aqueous solution and then stirring for 30 min at room 

temperature with a stir bar. The pH of outer aqueous phase was adjusted to pH 3.6 using 

hydrochloric acid or sodium hydroxide as required.  

  

5.2.2.2 Determination of oil phase fraction 

 

          The viscosity of a sucrose solution increases exponentially with concentration 

while the density increases almost linearly (27). A saturated sucrose solution has ca. 67.8 

wt% solids with a density of 1.32 g/mL at 20℃ . In preliminary experiments, it was found 
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difficult to completely dissolve gelatin in extremely viscous sucrose solutions, therefore, 

a 60% w/w sucrose solution (density of 1.28 g/mL and viscosity of 44.2 mPa.s at 20℃) 

was chosen to prepare the inner aqueous phase. The goal of this study was to weigh the 

oil phase with a 60% w/w sucrose solution making the oil phase of the same density as 

the outer aqueous phase (i.e. a dietetic beverage, density ca. 1.0 g/mL). The effect of 

gelatin on phase density was ignored in this study. By using the Pearson’s Square, the 

ratio of inner aqueous phase to oil phase was calculated as 45/55 for OT and 22/78 for 

MCT.   

 

5.2.2.3 Preparation of W/O primary emulsions  

 

          Figure 5.2 shows the process used to prepare the w/o primary emulsions. First, the 

inner aqueous phase and oil phase were prepared.  Yellow #6 was added to the inner 

aqueous phase as a marker compound to measure encapsulation efficiency (EE) of 

W/O/W emulsions. Emulsions without yellow #6 were also prepared as a control for 

color measurement. A coarse primary emulsion was prepared by premixing 45% w/w 

inner aqueous phase with 55% w/w OT, or 22 wt% inner aqueous phase with 78% w/w 

MCT using a high shear mixer (Greerco Corp., Hudson, NH, USA) at ca. 6,000 rpm for 2 

min, and the resulting coarse emulsion was passed through a Microfluidizer (Model M-

110Y, Microfluidics Corporation, Newton, MA, USA) at 12,000 psi for 1 pass.  
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Figure 5.2 Flow diagram for preparing W/O primary emulsions. 

  

          In total, four different W/O emulsions were prepared: emulsion 1 (CNG - control) 

is without gelatin or yellow #6; emulsion 2 (NG) is without gelatin but with yellow 6; 

emulsion 3 (CG) is with gelatin but without yellow #6; emulsion 4 (G) is with both 

gelatin and yellow #6.  All emulsions are prepared in duplicate. 
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5.2.2.4 Preparation of W/O/W secondary emulsions  

 

          W/O/W emulsions were prepared using a two-stage emulsification method. First, a 

primary emulsion was prepared as described above. Second, 10% w/w of the primary 

emulsion was mixed with 90% w/w of an emulsified hydrophilic solution (i.e. containing 

GA, MS or Tween 20) using an overhead mixer (Carter
®
 1L.81, Carter Motor, IL, USA) 

for 2 min at ca. 2000 rpm at room temperature. The resultant coarse emulsions were 

homogenized using a microfluidizer at low pressure. In the first part of present study 

(Sections of 5.3.1, 5.3.2, 5.3.3 and 5.3.5), 1% w/w Tween 20, 10% w/w MS or GA were 

used to stabilize the secondary emulsions (produced at 3,000 psi for 2 passes through the 

microfluidizer). In Sections 5.3.4 and 5.3.6, 12% w/w MS and 16% w/w GA were used 

because these concentrations were reported to have better performance on stabilizing 

conventional beverage clouding emulsions (28). All emulsions were prepared in 

duplicate. 

 

5.2.2.5 Electron microscopy  

 

         W/O/W emulsions were characterized by cryogenic scanning electron microscope 

(Cryo-SEM, Hitachi S3500N, Hitachi Science Systems, Tokyo, Japan). Samples were 

placed into a small vessel and frozen in liquid nitrogen slush, and then quickly transferred 
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to SEM cold stage using a cryo-holder. The sample vessel was cut in cold stage and the 

cross-section of sample was imaged. This sample preparation technique was employed 

with the intention of seeing the microstructure of W/O/W emulsions by imaging the 

cross-section of droplets. 

 

5.2.2.6 Confocal microscopy  

 

           Confocal microscopy of W/O/W emulsions prepared containing dyes in both 

phases is a powerful tool to characterize emulsion microstructure. A Nikon C1si laser 

scanning confocal microscope (Nikon, Melville, NY, USA) was used to verify if W/O/W 

emulsions were formed. Inner and outer aqueous phases contained 20 ug/mL riboflavin 

and nile red, respectively. The laser wavelengths were set at 458 and 561 nm which is 

close to the optimum exciting wavelengths of riboflavin and nile red, respectively.   

 

5.2.2.7 Particle size measurement 

 

          Dynamic light scattering (Nicomp submicron particle sizer, model 370, Pacific 

Scientific Hiac/Royco Instruments Division, Santa Barbara, CA, USA) was used to 

measure the mean droplet diameter (MDD) of W/O primary emulsions. Samples were 

diluted 100 ~ 200 times with the continuous phase before measurement. Mean droplet 

diameter (MDDs) of W/O/W emulsions were measured by laser diffraction (Mastersizer 
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S, Malvern Instruments, Southborough, MA, USA) at an obscuration between 20% and 

25%. For all samples, measurements of volume/mass based MDD were recorded.  

 

5.2.2.8 Measurement of encapsulation efficiency by spectrophotometry 

 

          Yellow #6 was chosen as marker compound to determine encapsulation efficiency 

of an active in the inner aqueous phase and release properties of W/O/W emulsions 

(again from the inner aqueous phase). Through full scanning from 200 – 700 nm, the 

maximum absorbance of yellow #6 was found to be 480 nm, which agrees with the 

literature (29). A standard curve for determining the migration of yellow #5 from the 

inner phase to the bulk continuous phase was developed by measuring the absorbance of 

a serial dilution of yellow #6 (absorbance of each solution was within 0.2 – 0.8 

absorbance units). W/O/W emulsions were centrifuged (model J2-21, Beckman 

Instruments, Spinco Division, Palo Alto, CA, USA) at 18,000 rpm (39,800 x g) for 2 hr to 

separate them into a top creaming layer and a bottom serum layer. The serum layer was 

collected by a syringe with a long, thin needle, and then passed through a syringe filter 

(0.45μm). The clear serum solution was subject to color measurement at 480 nm without 

dilution. Any Yellow #6 found in this serum layer had to originate from the inner 

aqueous phase of the primary emulsion because if the inner phase did not leak into the 

serum collected, this serum should have been colorless. During color measurement, 
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W/O/W emulsions without Yellow #6 (CNG or CG) served as blanks. Encapsulation 

efficiency was calculated by the following formula: 

                          EE= (Mi – Me)/Mi 

Where Mi is the mass of dye initially present in the water droplets of the W/O emulsion 

and Me is the mass of dye present in the external water phase of the W/O/W emulsion. 

 

5.2.2.9 Beverage preparation  

         

  The beverage formula used to evaluate beverage cloud stability is presented in Table 

5.1. Beverages were made three days after preparation of emulsion concentrates. Seven 8 

oz. clear plastic bottles of beverages were prepared from each emulsion. One bottle was 

used for monitoring appearance (visual), one bottle for the turbidity test, and other bottles 

for weekly droplet size measurements. Beverages were stored at room temperature and 

analyzed weekly for four weeks.  

 

Table 5.1 Composition of beverage clouds for storage study. 

    Ingredient      Yellow #6       Citric acid     Sodium        W/O/W      Distilled           pH     

                          1% solution                          benzoate       emulsion        water 

 Concentration        0.3                 0.3                0.05              1               q.s. 100           3.6 

     % (w/w) 

 

5.2.2.10 Measurement of beverage turbidity 
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          Changes in turbidity of W/O/W beverage clouds were measured during storage 

using a spectrophotometer (Spectronic 20, Spectronic Instrument, Inc., Rochester, NY, 

USA) at a wavelength of 400 nm. All beverages were diluted 2 times with pH 3.6, 10 

mM citric buffer prior to measurement. The buffer solution served as blank.  

 

5.2.2.11 Ringing test 

 

          All beverage clouds were visually assessed for ringing. A white ring appears at the 

neck of the bottle when sufficient creaming has occurred in a beverage. Any beverage 

that formed a ring on storage was considered unstable. Rings that formed were easily 

identified since they were white in contrast to the dyed solution. 

 

5.3 Results and Discussion 

 

5.3.1 Effect of PGPR concentration on W/O emulsions 

 

          In preliminary studies not reported herein, 3, 4, and 5% w/w of gelatin was 

dispersed in a 60% w/w sucrose solution using heat and stirring and then cooled to room 

temperature. All sucrose solutions gelled once cooled. The sample containing 3% w/w 

gelatin formed a soft gel while the sample with 4% w/w gelatin formed a relatively firm 
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gel upon cooling. Therefore, 4% w/w gelatin was used in the present study as the gelling 

agent.  

          Also in preliminary studies, several lipophilic emulsifiers of soy lecithin (Yelkin
®
 

1018, HLB=4.0), monoglyceride (Panalite 90-130 K, HLB=4.2), Span 80 (HLB=4.3) and 

polyglycerol polyricinoleate (PGPR, HLB=3.0) with low HLB values (hydrophilic-

lipophilic balance) were evaluated for their ability to form small MDD, stable water in oil 

emulsions. The results showed that except for PGPR, all other lipophilic emulsifiers 

produced unstable OT-based W/O emulsions exhibiting phase separation shortly after 

preparation. On the contrary, PGPR formed stable W/O emulsions and the turbidity of 

prepared W/O emulsions decreased with increasing PGPR concentration (Figure 5.3). 

The semi-transparent appearance of W/O emulsions at higher concentration of PGPR is 

attributed to both the small MDD and small differences in phase refractive indices.  

 

 

Figure 5.3 Image of OT-based W/O emulsions without gelling inner aqueous phase; 

emulsions stabilized by 8, 12, or 16% w/w PGPR. 

8% 12% 16% 
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          Figure 5.4 shows effect of PGPR concentration on the MDD of W/O emulsions. It 

is clear that with increasing concentrations of PGPR, MDDs decreased. The maximum 

usage levels tested of 16 and 8% w/w PGPR yielded W/O emulsions with MDDs as small 

as 73 and 134 nm for OT and MCT-based emulsions without gelatin, respectively. The 

PGPR concentrations used in MCT-based primary emulsions were ca. half of those in 

OT-based primary emulsions because the quantity of inner aqueous phase in MCT-based 

emulsions was roughly half of that used for OT-based emulsions since much less sucrose 

solution was needed to balance the phase densities. While the decision to use different 

concentrations of PGPR for the two oil phase materials seems arbitrary; it does not 

influence our objective. The high efficiency of PGPR at high usage levels in stabilizing 

W/O emulsions has been reported by a number of authors (18, 23, 30). For example, 

Kanouni et al. (17) investigated the stabilization mechanism of lipophilic emulsifiers at 

the W/O interface and found that the high elasticity value of interfacial film formed by 

polymeric emulsifiers (e.g., PGPR) allowed the film to withstand stress without breaking 

and thus produced stable W/O emulsions.  
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Figure 5.4 Effect of PGPR concentration on MDD of W/O emulsions (OT: orange oil 

terpenes based W/O primary emulsions; MCT: vegetable oil based W/O primary 

emulsions) 

 

          Figure 5.4 also shows MCT-based W/O emulsions have larger MDDs than OT-

based emulsions. That does not necessarily mean that MCT-based emulsions must yield 

larger MDD than OT-based emulsions because the formulations were quite different. The 

larger MDD might be due to the higher viscosity of MCT (27 mPa.s) compared to 0.8 

mPa.s for OT and a lower concentration of PGPR. It was found that gelling the inner 

aqueous phase had a negative effect on the MDD of prepared W/O emulsions at all 

concentrations of PGPR. That might be attributed to the extremely high viscosity of the 

inner aqueous phase incorporated with gelatin. Research (31, 32) has shown that the ratio 

of disperse/continuous phase viscosity must be kept within an optimal range in order to 
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facilitate droplet disruption and form small particles. Figure 5.5 shows the particle size 

distribution of prepared W/O emulsions. All emulsions had a narrow particle size 

distribution except that a small fraction of larger droplets was found in OT-based W/O 

emulsions without gelatin. The small MDD and narrow size distribution enabled the 

preparation of stable W/O/W emulsions. 

 

 

Figure 5.5 Droplet size distribution of W/O primary emulsions. (A) and (B): non-gelled 

and gelled OT-based W/O emulsions stabilized by 16% w/w PGPR; (C) and (D): non-

gelled and gelled MCT-based W/O emulsions stabilized by 8 wt% PGPR. 

 



 

 

193 

 

5.3.2 Characterization of W/O/W emulsions   

 

          The intrinsic instability of W/O/W emulsions led us to further examine the 

emulsion particle structure: confocal microscopy was used for this purpose. Figure 5.6 

shows confocal microscopy images of Tween 20 stabilized W/O/W emulsions. One can 

see that the blue water droplets (riboflavin fluorescence) are encapsulated in red oil 

droplets (Nile red fluorescence), which clearly confirms that the prepared emulsions are 

double emulsions. Although this method proves that double emulsions were formed, it 

does not provide quantitative information on the emulsions, e.g. how much of the primary 

aqueous phase is truly encapsulated in a secondary emulsion or how much of the system 

exists as a single vs. double emulsion. In order to get more information on the 

microstructure of double emulsions, SEM was chosen as a complementary approach.   
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Figure 5.6 Confocal microscopy images of W/O/W emulsions stabilized by 1% w/w 

Tween 20. Top and bottom:  non-gelled and gelled inner aqueous phase, respectively.  

 

          Unfortunately, SEM was not as successful as expected. A representative cross-

section of a W/O/W emulsion was not obtained due to the intermolecular binding forces. 

However, Figure 5.7 provides some information on droplet size and indicates some 

coalescence. The observed droplet size of a single droplet is in the range of 0.5 to 1μm, 

which agrees with the measurement by Mastersizer (Figure 5.8). Also, from the image 

one can see coalescence or flocculation (the long shaped droplets) by the merging of 

several single droplets, which suggests that 1% w/w Tween 20 is poor at preventing 
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flocculation or coalescence. However, we must temper that conclusion recognizing that 

we may have induced coalescence in preparing the sample for microscopy. The emulsion 

must be frozen and even if frozen in liquid nitrogen, this may have induced coalescence.  

 

 

 

Figure 5.7 Cryo-SEM images of W/O/W emulsions stabilized by 1% Tween 20. Top and 

bottom, non-gelled and gelled inner aqueous phase, respectively. 

 

5.3.3 Effects of hydrophilic emulsifiers on W/O/W emulsions  

 

          Figures 5.8 and 5.9 show the effects of hydrophilic emulsifier type on the MDD 

and encapsulation efficiency (EE) of W/O/W emulsions. One can see that MCT-based 

double emulsions have smaller MDD than those of OT-based emulsions. This result is 

opposite to that found in W/O primary emulsions where MCT-based W/O emulsions had 
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larger MDDs. This could be attributed to the difference in phase viscosity between OT 

and MCT. In W/O primary emulsions, OT and MCT are in the continuous phase while in 

W/O/W emulsions they are dispersed phase. Therefore, oil type has a different impact on 

the MDDs of W/O and W/O/W emulsions.   

 

 

Figure 5.8 Effect of hydrophilic emulsifier type and gelatin on the MDD of W/O/W 

emulsions.  
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Figure 5.9 Effect of hydrophilic emulsifier type and gelatin on the EE of W/O/W 

emulsions.  

 

          The effect of gelatin on the MDD of W/O/W emulsions is complex depending on 

both type of oil phase and the hydrophilic emulsifier chosen. With OT as oil phase, 

gelatin did not show a significant effect on the MDD of double emulsions stabilized by 

Tween 20 or MS while gelling the inner phase increased the MDD of GA stabilized 

double emulsions. With MCT as the oil phase, the incorporation of gelatin led to larger 

MDDs of double emulsions stabilized by MS or GA. Figure 5.10 shows an example of 

how gelatin and oil type influence the size distribution of GA stabilized double 

emulsions. Obviously wider particle size distributions were obtained in double emulsions 

with gelatin in the inner phase or MCT as oil phase. 
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Figure 5.10 Particle size distribution of W/O/W emulsions stabilized by GA. N, non-

gelled inner aqueous phase; G, gelled inner phase; OT-N, orange terpene-based W/O/W 

emulsions with non-gelled inner phase; MCT-N, MCT-based W/O/W emulsions with 

non-gelled inner phase. 

 

          The influence of gelatin on the MDD might be due to the interactions between 

gelatin and PGPR or hydrophilic emulsifiers. Muschiolik et al. (26) reported that the 

addition of gelatin to the inner phase did not affect the MDD of fresh W/O/W emulsions 

stabilized by whey protein isolate, but the MDD of double emulsions with gelatin 

increased during storage at a slower rate compared to that of emulsions made without 

gelatin. The pH of the prepared emulsions in the reference above is not available and 

probably would be the natural pH. The inconsistent results between Muschiolik’ s and the 

present study might be due to the difference in hydrophilic emulsifiers and the pH of the 
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double emulsions. In the present study, emulsions were prepared at acidic conditions, 

therefore, gelatin takes on a strong positive charge while MS and GA takes on a negative 

charge. During mixing and homogenization, gelatin may leak into the external aqueous 

phase and interact with MS or GA. The effect of gelatin on the MDD of the Tween 20 

stabilized double emulsions is minimal probably because Tween 20 is a nonionic 

surfactant.    

           The interaction between PGPR and gelatin may partially account for the difference 

in MDD of emulsions with gelatin and those without gelatin. It has been reported that 

PGPR and sodium caseinate incorporated in the inner aqueous phase had a synergistic 

effect on stabilizing soybean oil double emulsions, but the interaction mechanism was not 

understood (30). That may explain the similar MDDs of Tween 20 stabilized secondary 

emulsions regardless of the addition of gelatin even though the W/O primary emulsions 

with gelatin had larger MDDs than those without gelatin (shown in section of 5.3.2). 

          Figures 5.8 and 5.9 also show that gelling the inner aqueous phase is not 

necessarily associated with improved EE. No direct connection was found between EE 

and MDDs either. Our results suggest that gelling the inner phase is not effective at 

preventing the diffusion of the dye from inner to the external aqueous phase probably 

because the dye still can move through the gel network. A similar finding was reported 

by Surh et al. (3), i.e. W/O/W emulsions showed similar EE (>95%) regardless of gelling 

the inner phase by heat treated WPI. However, as one can see from Figure 5.9 the choice 

of hydrophilic emulsifier plays a critical role in determining the EE of W/O/W emulsions. 
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GA showed the best performance in encapsulating the dye which is consistent with its 

high efficiency in stabilizing conventional emulsions (28, 33). The high EE (>90%) of 

W/O/W emulsions stabilized by macromolecules has been reported by a number of 

authors (23, 34, 35). Tween 20 stabilized W/O/W emulsions showed smallest MDDs but 

the lowest EEs. This could be due to the rupture of oil droplets during mixing and 

homogenization (3000 psi for 2 passes) of the secondary emulsions since the interfacial 

film formed by Tween 20 is less resistance to the intense shear. Therefore, polymeric 

amphiphilic emulsifier and macromolecules are always recommended to stabilize the 

secondary emulsions in literature (1, 7, 36, 37).  

 

5.3.4 Effect of process parameters on W/O/W emulsions 

 

          Literature (3, 26, 38, 39) suggests that low pressure and membrane homogenization 

are effective methods to prepare stable secondary emulsions with high EE. Generally, a 

higher homogenization pressure reduces the MDD, but it may also reduce EE due to 

rupture of inner water droplets. A greater number of passes through the Microfluidizer 

generally narrows the droplet distribution; however, it may also decrease EE due to more 

chances to disrupt the inner water droplet. In the present study, the effect of 

homogenization pressure and number of passes through the homogenizer, which are 

easily controlled parameters, were evaluated for effect on EE and MDD. 
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          Figures 5.11 and 5.12 show effects of homogenization pressure and number of 

passes on MDD of GA stabilized W/O/W emulsions. Interestingly the results are 

different for gelled and non-gelled emulsions. For double emulsions without gelatin, 

increasing the number of passes from 1 to 2 resulted in smaller MDD at all 

homogenization pressures. But no significant changes in MDD were found in emulsions 

with 2 and 3 passes except those produced at 10,000 psi. For double emulsions with 

gelatin, at 3,000 psi multiple passes resulted in larger MDD while at 7,000 and 10,000 psi 

multiple passes led to smaller MDD of double emulsions. The results demonstrate that 

the addition of gelatin to the inner aqueous phase has a large impact on the effectiveness 

of homogenization.  

 

 

Figure 5.11 Effects of homogenization pressure and number of passes on MDD of GA 

stabilized W/O/W emulsions with OT as oil phase and without gelatin in the inner 

aqueous phase. 
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Figure 5.12 Effects of homogenization pressure and number of passes on MDD of GA 

stabilized W/O/W emulsions with OT as oil phase and gelatin in the inner aqueous phase. 

 

          Figure 5.13 shows effect of number of homogenization passes on size distribution 

of GA stabilized double emulsions produced at 3,000 psi. Increasing the number of 

passes resulted in a narrower size distribution of double emulsions without gelatin but a 

wider particle size distribution of those with gelatin. Figure 5.14 shows the effect of 

homogenization pressure on size distribution of GA stabilized double emulsions with 1 

pass through a Microfludizer. Adding gelatin to the inner phase led to a wider size 

distribution of emulsions produced at all pressures. Therefore, it can be concluded that 

gelling inner phase has a negative effect on MDD and size distribution of GA stabilized 

double emulsions regardless of the process pressure and number of homogenization 

passes.   
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Figure 5.13 Droplet size distribution of OT-based W/O/W emulsions stabilized by GA 

and produced at 3000 psi for different passes. N, non-gelled inner aqueous phase; G, 

gelled inner phase; 1P, 2P and 3P stand for 1, 2, and 3 passes, respectively, through 

Microfludizer. 

 

 

Figure 5.14 Droplet size distribution of OT-based W/O/W emulsions stabilized by GA 

and produced at different pressures for1 pass through Microfludizer. N, non-gelled inner 

aqueous phase; G, gelled inner phase. 
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          Figures 5.15 and 5.16 show the effects of homogenization pressure and number of 

passes through a microfludizer on the EE of GA stabilized W/O/W emulsions. One 

general observation is that the EE decreased when the number of passes increased from 1 

to 2 at all homogenization pressures regardless of gelling the inner phase and this effect is 

more significant at lower homogenization pressures than higher pressures. It was also 

observed that lower pressures led to higher EE when homogenized for 1 pass: 95.77 ± 

2.25 at 3,000 psi vs. 91.77 ± 1.11 at 10,000 psi for non-gelled emulsions and 95.79 ± 0.93 

at 3,000 psi vs. 87.4 ± 0.8 at 10,000 psi for gelled emulsions. In the present study, high 

EEs were achieved even at high homogenization pressures (7,000 and 10,000 psi) 

suggesting that a Microfludizer is good at producing W/O/W emulsions with small MDD 

and high EE.  

 Muschiolik et al. (26) reported that the type of homogenization device has a large 

impact on the EE of double emulsions. In a model system of soybean oil W/O/W 

emulsion stabilized by whey protein isolate-dextrin conjugates, almost 100% EE was 

achieved by using membrane emulsification while 97 and 57% EE were achieved by 

using a combi-valve and ball-valve homogenizer, respectively. In contrast, 80% EE was 

obtained with an EmulsiFlex C5 homogenizer. Based on our results, a Microfludizer 

could serve as an alternative to membrane emulsification in order to achieve high EE of 

W/O/W emulsions. 
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Figure 5.15 Effects of homogenization pressure and number of passes on EE of GA 

stabilized W/O/W emulsions without gelatin. 

 

 

Figure 5.16 Effects of homogenization pressure and number of passes on EE of GA 

stabilized W/O/W emulsions with gelatin. 
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5.3.5 Stability of W/O/W emulsion concentrates 

 

          In this experiment, the stability of double emulsion concentrates was studied and 

provides a basis for the later work on evaluating their stability in dilute systems. Figures 

5.17 and 5.18 show changes in MDD and EE of OT and MCT-based W/O/W emulsion 

stabilized by Tween20. The MDD of non-gelled emulsions is relatively small and quite 

stable, whereas the MDD of the emulsion containing a gelled inner phase increased 

slightly during the first two weeks storage and then increased rapidly. After four weeks 

storage, droplets of gelled emulsions have a bimodal or multimodal size distribution 

(Figure 5.19). Both the gelled and non-gelled emulsions have low encapsulation 

efficiency (EE), which decreased over time. A slower decrease in EE of MCT-based 

emulsions was observed compared to that of OT-based emulsions. This could be 

explained by the higher viscosity of MCT than that of OT (27 vs. 0.8 mPa.s at room 

temperature) and thus slower diffusion rate of yellow #6 from inner to outer aqueous 

phase. 
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Figure 5.17 Changes in MDD and EE of OT-based double emulsion concentrates 

stabilized by Tween 20 during storage at room temperature. 

 

 

Figure 5.18 Changes in MDD and EE of MCT-based double emulsion concentrates 

stabilized by Tween 20 during storage at room temperature. 
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Figure 5.19 Size distribution of Tween 20 stabilized W/O/W emulsions. N, non-gelled 

inner phase; G, gelled inner phase; the number followed N or G stands for weeks of 

storage, e.g., OT-N-0 means OT-based double emulsions with gelatin at time zero. 

 

          Figures 5.20 and 5.21 show changes in MDD and EE of OT and MCT-based 

W/O/W emulsions stabilized by MS. For OT-based emulsions, the MDD of non-gelled 

emulsion increased rapidly over time whereas the MDD of gelled emulsions increased 

slowly. For MCT-based emulsions, the MDD of both non-gelled and gelled emulsions 

increased rapidly during the first week of storage and then increased slowly thereafter. 

After 4 weeks storage all emulsions showed wider size distributions than were originally 

made (Figure 5.22) and particularly, OT-based emulsions with a gelled inner phase 

showed bimodal size distributions suggesting MCT-based double emulsions stabilized by 

MS are more stable than OT-based emulsions. 
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Figure 5.20 Changes in MDD and EE of OT-based double emulsion concentrates 

stabilized by MS during storage at room temperature. 

 

 

Figure 5.21 Changes in MDD and EE of MCT-based double emulsion concentrates 

stabilized by MS during storage at room temperature. 
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Figure 5.22 Size distribution of MS stabilized W/O/W emulsions. N, non-gelled inner 

phase; G, gelled inner phase; the number followed N or G stands for weeks of storage, 

e.g., OT-N-0 means OT-based double emulsions with gelatin at time zero. 

 

          All emulsions stabilized with MS showed a slow decrease in EE over time 

regardless of the oil phase type. One may argue that OT-based emulsions should have a 

faster release of the dye considering Yellow #6 has a faster diffusion coefficient in OT 

than MCT as demonstrated in the Tween 20 stabilized double emulsions. We postulated 

that for MS stabilized double emulsions, the factor limiting diffusion is the O/W 

interfacial film instead of the lipid barrier. On the contrary, for Tween 20 stabilized 

double emulsions, the factor limiting diffusion is the lipid barrier instead of the O/W 

interfacial film. The differences originate from the differences in interfacial films formed 

by Tween 20 and MS and also from the large impact of interfacial film on diffusion of 

the dye from the inner to the outer aqueous phase. The above explanation is supported by 
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previous findings in the literature (1, 7, 40) noting that the release of water-soluble 

substance from the inner to the outer aqueous phase of double emulsions largely depends 

on phase composition (e.g., solid content of the aqueous phase, salt concentration, and oil 

type) and interfacial films (e.g., emulsifier type and concentration). 

          Figures 5.23 and 5.24 show changes in MDD and EE of OT and MCT-based 

W/O/W emulsions stabilized by GA. For all W/O/W gelled emulsions, phase separation 

occurred within 3 days of preparation suggesting there may be some interaction between 

gelatin and GA. The MDD of non-gelled emulsions increased rapidly during the first 

week of storage and then increased slowly thereafter. After 4 weeks storage, emulsions 

showed wider size distributions (Figure 5.25) regardless oil types.  

           

 

Figure 5.23 Changes in MDD and EE of OT-based double emulsion concentrates 

stabilized by GA during storage at room temperature. 
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Figure 5.24 Changes in MDD and EE of MCT-based double emulsion concentrates 

stabilized by GA during storage at room temperature. 

 

 

Figure 5.25 Size distribution of GA stabilized W/O/W emulsions. N, non-gelled inner 

phase; the number followed N stands for weeks of storage, e.g., OT-N-0 means OT-based 

double emulsions with gelatin at time zero. 
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          For OT-based emulsions, EE decreased significantly during the first week of 

storage and then decreased slowly thereafter. After four weeks storage, EE had decreased 

from 86.7 to 75%. For MCT-based emulsions, EE was much higher than that of OT-

based emulsions (86.7 vs. 96.7 at week zero) and they were stable over time.  

          Overall, Tween 20 stabilized double emulsions have small MDDs but low EEs.  

MS stabilized double emulsions have relatively large MDDs and low EEs. Fortunately, 

GA produces small MDDs and shows high EEs relative to MCT-based W/O/W 

emulsions. This may be attributed to GA forming thick films on the O/W interface 

thereby reducing diffusion and improving emulsion stability. The high efficiency of GA 

in stabilizing various emulsions has been reported in numerous publications (e.g. 28, 35, 

41-43). During storage, MCT-based double emulsions showed a slower decrease in EE 

compared to OT-based double emulsions regardless of the secondary emulsifiers used 

suggesting an impact of oil type on EE. The size distribution of double emulsions with a 

gelled inner phase or OT as oil phase changed greatly during storage indicating potential 

stability issues associated with these emulsions in a longer term. All results suggest that 

gelling the inner phase of double emulsions with gelatin is not beneficial in our system 

and that a more viscous oil phase (e.g., MCT) would be desirable achieving a smaller 

MDD and higher EE.  

 

5.3.6 Stability of W/O/W emulsion-based beverage clouds  
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          As noted in the introduction of this study, one particular application of W/O/W 

emulsions is for beverage clouds with the potential benefits of eliminating the use of 

weighing agents and improving creaming stability by matching phase densities. In this 

study, two key parameters were monitored during storage: turbidity and ringing which 

are important criteria of beverage stability. MDDs were also measured as a predictive 

parameter of beverage stability. A stable beverage would have a low turbidity loss and no 

ring formation during storage. Two commonly used emulsifiers in beverage emulsions, 

MS and GA were compared in stabilizing W/O/W emulsions in beverage cloud 

application.  

          Figures 5.26 and 5.27 show changes in MDD and absorbance of W/O/W-based 

beverage clouds stabilized by MS. No visible ringing occurred in any beverages during 

storage except OT-based beverage clouds with a gelled inner aqueous phase which 

showed small rings after 2 weeks of storage (Figure 5.28). For OT-based emulsions, 

MDD increased slowly and absorbance decreased greatly over time. For MCT-based 

emulsions MDD started to increase after three weeks of storage and absorbance 

decreased at a slower rate compared to that of OT-based emulsions. The difference in 

stability could have originated from the oil phase composition as discussed in Section 

5.3.5. The large loss (> 60% during 4 weeks of storage) in absorbance for OT-based 

beverage clouds is not desirable in practical applications. MCT-based beverage clouds 

were more stable against absorbance loss and thus are more promising in practical 

applications. However, a longer shelf life study is needed since MDD increased 
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dramatically in the fourth week of storage and size distribution (Figure 5.29) got wider 

during storage indicating potential stability issues upon longer term storage. 

 

 

Figure 5.26 Changes in MDD and absorbance of W/O/W-based beverage clouds with 

OT as oil phase and MS as secondary emulsifier. 
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Figure 5.27 Changes in MDD and absorbance of W/O/W-based beverage clouds with 

MCT as oil phase and MS as secondary emulsifier. 

 

 

Figure 5.28 Appearance of W/O/W emulsion-based beverage clouds stabilized by MS. 

All emulsions used OT as oil phase; Top, without gelled inner phase; bottom, with gelled 

inner phase; from left to right: 0, 1, 2 and 3 weeks of storage, respectively. 
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Figure 5.29 Size distribution of W/O/W-based beverage clouds stabilized by MS. N, 

non-gelled inner phase; G, gelled inner phase; the number following N or G stands for 

weeks of storage, e.g., OT-N-4 means OT-based double emulsions without gelling inner 

phase after 4 weeks storage. 

 

          Figures 5.30 and 5.31 show changes in MDD and absorbance of W/O/W-based 

beverage clouds stabilized by GA. GA stabilized beverage clouds were more stable in 

terms of MDD and absorbance compared to those stabilized by MS. The higher stability 

of double emulsions-based beverage clouds stabilized by GA agreed with the higher 

stability of GA stabilized double emulsion concentrates.  
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Figure 5.30 Changes in MDD and absorbance of W/O/W-based beverage clouds with 

OT as oil phase and GA as secondary emulsifier. 

 

 

Figure 5.31 Changes in MDD and absorbance of W/O/W-based beverage clouds with 

MCT as oil phase and GA as secondary emulsifier. 
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          Figure 5.32 shows W/O/W emulsion-based beverage clouds during storage. No 

ringing occurred in OT-based beverages while surprisingly heavy ringing occurred in 

MCT-based beverages after1 week of storage. Ring formation indicates significant 

creaming driven by density difference in phases and accelerated by large droplet size. 

One would expect MCT-based beverage to be more stable than OT-based beverages 

considering the smaller MDD and stable absorbance of the MCT-based beverages. 

Droplet size distributions of beverage clouds are plotted in Figure 5.33 to further 

investigate this unexpected observation. No significant changes in particle size 

distribution were found for MCT-based beverage clouds while the particle size 

distribution of OT-based beverage clouds showed bimodal size distributions after 4 

weeks storage. The particle size distribution result does not support our observation of 

ring formation in MCT-based beverage clouds. Although the occurrence of ringing is not 

well understood, there is the possibility that reversible flocculation occurred in MCT-

based beverage clouds. The flocs may be broken upon on stirring during measurement of 

MDD; however, droplet flocculation accelerates the rate of gravitational separation in 

dilute emulsions and thus promotes ringing (44, 45).  
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Figure 5.32 Appearance of W/O/W emulsion-based beverage clouds stabilized by GA. 

All W/O/W emulsions without gelling inner phase: top and bottom, OT and MCT as oil 

phase, respectively; from left to right: 0, 1, 2, 3 and 4 weeks of storage, respectively. 

 

 

Figure 5.33 Size distribution of W/O/W-based beverage clouds stabilized by GA. N, 

non-gelled inner phase; G, gelled inner phase; the number following N or G stands for 

weeks of storage, e.g., OT-N-4 means OT-based double emulsions without gelling inner 

phase after 4 weeks storage. 
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          Figure 5.33 also shows an interesting phenomenon in that the particle size 

distribution of OT-based W/O/W emulsion changed greatly although MDD only slightly 

increased. The size of the majority of droplets shifted to the left suggesting that droplets 

shrank during storage. This observation is different from that found in GA stabilized 

double emulsion concentrates (Figure 5.25) indicating different destabilization 

mechanisms in concentrated and diluted double emulsions. In double emulsion 

concentrates, swelling of the inner water droplets due to osmotic difference between 

inner and outer aqueous phase, as well as coalescence caused wider size distribution of 

emulsions during storage. In diluted double emulsions, extreme swelling of inner water 

droplets might occur resulting in bursting of the oil droplets and formation of single 

emulsions with a smaller droplet size.  

          The difference in swelling of the inner water droplets in concentrated and diluted 

double emulsions could originate from the composition difference in the aqueous phase 

(e.g., emulsifiers). In the present study, incorporation of sucrose and gelatin in the inner 

aqueous phase created higher osmotic pressure in the internal than in the external 

aqueous phase driving water through the oil phase from outer to inner phase and thus 

swelling the water droplets. However, this high osmotic pressure is partly 

counterbalanced by the huge Laplace pressure in the nano-sized water droplets. The high 

concentrations of GA and MS in continuous phase also contribute to balancing the 

osmotic difference, as well as high viscosity of double emulsions, all of which are 

beneficial to stabilizing double emulsions. Many materials (e.g., electrolytes, sugar, 
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protein, and drugs) in the aqueous phase of double emulsions were found to effect 

osmotic pressure (46-48) and it was reported that double emulsions with a balance of 

osmotic and Laplace pressure have maximum stability (49-51). In the present study the 

effect of osmotic pressure was not considered but it would be helpful in the future to 

investigate this effect by incorporating electrolyte (e.g., sodium chloride) in the aqueous 

phase and find out how stability changes with electrolyte concentration. 

          Overall, diluted double emulsions stabilized by GA showed better stability against 

ringing and turbidity loss compared to those stabilized by MS. However, more research is 

needed to investigate the destabilization mechanisms of double emulsion concentrates 

and dilutes and thus to improve their long-term stability in beverage cloud applications. 

 

5.4 Conclusions 

 

          In the present study, PGPR concentration, hydrophilic emulsifier, oil type, and 

processing parameters were found to affect the MDD, EE and stability of double 

emulsions. GA stabilized double emulsions and the equivalent diluted double emulsions 

showed relatively good turbidity and stability in storage. However, longer term stability 

needs to be evaluated in beverage cloud applications. Based on our data, we have no 

evidence that gelling the inner aqueous phase contributes to the stability of double 

emulsions in our system. On the contrary, it seems that emulsions containing gelled water 

droplets showed lower stability compared to those without a gelled inner phase. The 
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chemistry behind this phenomenon is not understood yet. The effects of osmotic pressure 

and interactions between components need to be investigated in the future to better 

understand the destabilization of double emulsions.  
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