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SUMMARY 

Intake of long chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs) is inadequate in most Western 

populations due to the low consumption of fish and other seafood products. These long chain 

omega-3 fatty acids such as EPA (eicosapentaenoic acid, C20:5n-3) and DHA (docosahexaenoic 

acid, C22:6n-3) have been reported to be beneficial to health. Therefore, strategies for enrichment 

of food with LC n-3 PUFAs have been investigated by food scientists in order to comply with the 

recommended daily intake for EPA and DHA.  

LC n-3 PUFAs are highly prone to lipid oxidation in the presence of heat, metal ions and oxygen. 

Oxidation of LC n-3 PUFAs results in loss of nutritious fatty acids, undesired off-flavors, and 

rancid/ fishy taste. Oil-in-water delivery emulsion systems have been proposed and investigated as 

one of the strategies to protect these lipophilic bioactive compounds. Previous studies were mainly 

focused on low fat n-3 delivery oil-in-water emulsion, regardless of the great potential of the high 

fat n-3 delivery oil-in-water emulsion systems (e.g. for the enrichment of highly viscous foods).  

The focus of this Ph.D. study was mainly on the impact of emulsion composition and combination 

of multifunctional emulsifiers on oil-water interfacial structure and emulsifier distribution, as well 

as their influence on physical and oxidative stability of high fat fish oil-in-water emulsions. The 

potential of X-ray and neutron techniques as well as electron paramagnetic resonance in providing 

useful information about the interface structure and partitioning of emulsifiers, respectively, has 

also been demonstrated in this study.   

The fish oil content, total emulsifier content, and the ratio between emulsifiers (sodium caseinate, 

CAS, combined with sodium alginate, ALG, or diacetyl tartaric acid esters of mono- and 

diglycerides, DATEM, or phosphatidylcholine, PC) affected physical and oxidative stability of the 

high fat fish oil-in-water emulsions. Combinations of CAS and ALG provided high viscosity and 

creaming stability for the high fat emulsions, whereas combinations of CAS and DATEM or PC 

yielded emulsions with lower viscosity and creaming stability compared to ALG.  

The effect of homogenizer type on physical and oxidative stability of high fat fish oil-in-water 

emulsions was investigated. Emulsions stabilized with CAS and DATEM or PC and produced with 

colloid mill resulted in higher viscosity, less creaming and smaller droplet sizes compared to 

emulsions produced with Stephan mixer. This indicated that emulsions produced with colloid mill 

provided better physical stability. However, emulsions produced with Stephan mixer had higher 

oxidative stability compared to those produced with colloid mill when evaluated by the formation of 

primary and secondary lipid oxidation products. This was mainly attributed to larger droplets and 
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creaming of emulsions produced with Stephan mixer yielding less contact between prooxidants and 

lipids. 

Surface activity of a commonly used thickener, ALG, was enhanced by the modification with short 

and long alkyl chains. Combination of the short chain modified ALG and CAS improved both 

physical and oxidative stability of the high fat fish oil-in-water emulsions compared to emulsions 

stabilized with CAS. On the other hand, combined use of long chain modified ALG and CAS did 

not improve the oxidative stability of the high fat fish oil-in-water emulsion, even though physical 

stability was significantly improved resulting in smaller droplets and higher viscosity.   

Antioxidant and surface activity of DATEM and PC were improved by the addition of caffeic acid 

to the glycerol backbone and by the attachment of alkyl chains at various lengths, which had 

different effects on physical and oxidative stability of high fat fish oil-in-water emulsions. 

Emulsions produced with modified DATEMs showed better oxidative stability compared to 

emulsion with commercial DATEM plus an equivalent amount of free caffeic acid, confirming the 

advantage of covalent attachment of caffeic acid to the emulsifier. Modified DATEM with C14 

alkyl chain (DATEM C14) replaced more CAS from the interface in 70% fish oil-in-water emulsion 

compared to modified DATEM with C12 alkyl chain (DATEM C12). Furthermore, emulsions 

produced with DATEM C14 had significantly decreased amounts of primary and secondary 

oxidation products compared to emulsions containing DATEM C12. This was mainly attributed to 

the higher concentration of the antioxidant DATEM C14 compared to DATEM C12 at the oil-water 

interface. Emulsion stabilized with modified PC with C14 alkyl chain (PC C14) led to smaller 

droplets and higher viscosity, whereas modified PC with C16 alkyl chain (PC C16) had higher 

protein surface load, which resulted in a thicker interfacial layer. Modified PCs enhanced oxidative 

stability compared to emulsions with PC and free caffeic acid due to the attachment of caffeic acid, 

which brings the antioxidant in the vicinity of interface. PC C16 led to higher oxidative stability 

compared to PC C14, mainly explained by the thicker interfacial layer provided by PC C16.  

Finally, incorporation of n-3 delivery 70% fish oil-in-water emulsions produced with modified 

DATEMs into mayonnaise was investigated. The physical stability of the mayonnaises enriched 

with delivery emulsions was low due to the pH adjustment between delivery emulsion and 

mayonnaise. However, mayonnaise containing high fat emulsions stabilized with combinations of 

CAS and modified DATEMs had higher oxidative stability compared to mayonnaises produced 

with added neat fish oil, indicating the feasibility of using high fat fish oil in water emulsions to 

enrich food systems such as mayonnaise. 
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RESUMÉ 

Indtaget af langkædede n-3 flerumættede fedtsyrer (LC n-3 PUFA) er utilstrækkelig i de fleste 
befolkninger i den vestlige verden på grund af det lave forbrug af fisk og andre fiskeprodukter. 
Disse langkædede omega-3 fedtsyrer, især EPA (eicosapentaensyre, C20: 5n-3) og DHA 
(docosahexaensyre, C22: 6n-3) er blevet rapporteret at være gavnlige for helbredet. I litteraturen er 
rapporteret forskellige strategier til at berige fødevarer med LC n-3 PUFA mhp. at opnå det 
anbefalede daglige indtag af EPA og DHA. 

LC n-3 PUFA er meget tilbøjelige til at oxidere i tilstedeværelse af varme, metalioner og ilt. 
Oxidering af LC n-3 PUFA resulterer i tab af de sunde fedtsyrer og en uønsket harsk / fiskeagtig 
smag. Olie-i-vand delivery emulsionssystemer er blevet foreslået og undersøgt som en af 
strategierne til beskyttelse af disse lipofile bioaktive forbindelser. Tidligere undersøgelser har 
primært fokuseret på lavfedt n-3-olie-i-vand-emulsioner, på trods af det store potentiale i olie-i-
vand-emulsionssystemer med højt fedtindhold (f.eks. til berigelse af højviskøse fødevarer). 
Dette ph.d. studie har primært fokuseret på effekten af emulsionssammensætningen og forskellige 
kombinationer af multifunktionelle emulgatorer på olie-vand-grænsefladestruktur og 
emulgatorfordeling samt deres indflydelse på fysisk og oxidativ stabilitet af højfedtholdige 
fiskeolie-i-vand-emulsioner. Dette ph.d studie har også demonstreret potentialet i at anvende 
røntgen og neutron scattering teknikker samt elektron paramagnetisk resonans (EPR) til at opnå 
brugbar information om grænsefladestrukturer og fordeling af emulgatorer imellem de forskellige 
faser i emulsionen.  

Det blev konstateret, at indholdet af fiskeolie, total emulgatorindhold og forholdet mellem 
emulgatorer (natriumkaseinat, CAS, i kombination med natriumalginat, ALG, eller 
diacetylvinsyreestere af mono- og diglycerider, DATEM, eller phosphatidylcholin, PC) påvirkede 
den fysiske og oxidative stabilitet af fiskeolie-i-vand emulsioner med højt fedtindhold. 
Kombinationen af CAS og ALG resulterede i emulsioner med høj viskositet og fysisk stabilitet, 
mens kombinationen af CAS og DATEM eller PC gav emulsioner med lavere viskositet og fysisk 
stabilitet sammenlignet med ALG. 

Effekten af homogenisatortype på fysisk og oxidativ stabilitet af højfedtholdige fiskeolie-i-vand-
emulsioner blev undersøgt. Emulsioner stabiliseret med CAS og DATEM eller PC og produceret 
med kolloidmølle resulterede i højere viskositet, mindre grad af creaming og mindre dråbestørrelser 
sammenlignet med emulsioner fremstillet med Stephan-mixer. Dette indikerede, at emulsioner 
produceret med kolloidmølle resulterede i bedre fysisk stabilitet. Imidlertid havde emulsionerne 
fremstillet med Stephan-mixeren højere oxidativ stabilitet, end dem der blev fremstillet med 
kolloidmølle, når oxidationen blev evalueret ved måling af dannelsen af primære og sekundære 
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Chapter 1: Introduction 

This chapter gives the background of the Ph.D. study together with aims and hypotheses. 

1.1. Background 

Marine long chain omega-3 polyunsaturated fatty acids (LC n-3 PUFAs), such as eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA), have been shown to have health benefits in the last 

decades. Research studies indicated that consumption of LC n-3 PUFAs has a relationship with 

reduced risk of cardiovascular diseases and improved mental health, immune system and infant 

brain development (Song et al., 2016; Wysoczanski et al., 2016; Nichols, et al., 2014). LC n-3 

PUFAs are mainly found in fish and fish products and the consumption of these compounds have 

been inadequate according to daily recommended intake levels in western countries. Therefore, 

food researchers and food industry have paid increased attention to producing LC n-3 PUFA 

enriched food products.  

Researchers have focused on providing physically and oxidatively stable LC n-3 PUFA delivery 

systems for various types of food systems such as milk, yogurt, cream cheese, mayonnaise, and 

salad dressings. However, susceptibility of LC n-3 PUFAs to lipid oxidation brings along some 

challenges. These challenges consist of undesired sensory properties and loss of nutritional value of 

the food stuffs enriched with LC n-3 PUFAs. Therefore, new strategies and approaches have been 

investigated and applied in order to produce physically and oxidatively stable LC n-3 PUFA 

delivery systems, which can be incorporated into foods. 

As a delivery system for LC n-3 PUFAs, fish oil-in-water emulsions have been studied and 

compared with adding neat fish oil into the food systems. This has mainly been done for low fat 

content fish oil-in-water emulsions (Let et al., 2007; Berton-Carabin et al., 2014; García-Moreno et 

al., 2014). However, a wider range of fat loads for a delivery system needs to be developed in order 

to increase applicability in food enrichment processes. This involves producing high fat delivery 

systems. One of the advantages of using a high fat emulsion for enrichment of food products is its 

lower water and higher fat content compared to low fat emulsions, which means that lower amounts 

of emulsions would be required for enrichment. Moreover, fat content can significantly affect the 

final physical properties (e.g., viscosity, texture, etc.) of the delivery system, which is a concern for 

the food industry regarding the enrichment of food systems without changing its original 

characteristics. Nevertheless, there have only been a few studies focusing on high fat fish oil-in-
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water emulsions (Horn et al., 2011). Therefore, the main aim in this Ph.D. study was the 

development of high fat fish oil-in-water emulsions with adequate physical and oxidative stabilities. 

Physical stability of oil-in-water emulsions has critical importance in terms of creaming and phase 

separation phenomena, due to the fact that the appearance of the delivery system is associated with 

it. These instabilities may lead to non-homogenous composition when delivery emulsions are 

incorporated into food systems. Physical stability has an impact on oxidative stability of oil-in-

water emulsions. Therefore, maintaining a decent physical stability in high fat oil-in-water 

emulsions can be a prerequisite for obtaining high oxidative stability. Physical parameters affecting 

lipid oxidation in high fat emulsions have only been investigated in a few studies, although the 

physical characteristics of an emulsion system are expected to be different depending on the 

concentration of the dispersed phase. For instance, high fat emulsions tend to be densely packed 

with oil droplets and be more viscous compared to low fat oil-in-water emulsions, which affects the 

behaviour of prooxidants as well as lipid oxidation mechanisms in high fat oil-in-water emulsion 

systems. Recently, studies have focused on the properties of the interfacial layer surrounding the oil 

droplets, which is the location where prooxidants come in close proximity to the unsaturated lipids 

and promote oxidation.    

Emulsifiers play an important role in maintaining physical stability, due to their ability to reduce 

interfacial tension, by being adsorbed at the oil-water interface, which favors oil droplet formation 

and stabilization. In addition, since emulsifiers are added in excess, a proportion of the emulsifiers 

will be dispersed in the aqueous phase of the emulsion. Different strategies regarding emulsifier 

use, such as bioinspired emulsifier combinations, have been suggested in order to stabilize oil-in-

water emulsions. Previous studies reported that combined use of emulsifiers enhances the physical 

and oxidative stability of emulsions compared to a single emulsifier (Guzey and McClements, 2006; 

Pallandre et al., 2007; Dickinson, 2011; García-Moreno et al., 2014). For example, proteins have 

been used in combination with surfactants or polysaccharides as emulsifiers in oil-in-water 

emulsion systems to enhance the properties of the interfacial layer such as thickness, packing 

density, permeability and antioxidant activity (Fang and Dalgleish, 1996; Wilde et al., 2004; 

García-Moreno et al., 2014). Therefore, type and concentration of the applied emulsifiers are 

important factors which have an impact on the physical and oxidative stability of the emulsions. 

Recently, new strategies for improving interfacial layer and bringing antioxidant activity to the oil-

water interface have been investigated in compartmentalized systems such as oil-in-water 
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Chapter 2: Emulsions, emulsifiers, and oil-water interface 

This chapter focuses on emulsions, emulsifiers, emulsion production including homogenizers, 

physical stability of emulsions, and distribution of emulsifiers in the emulsion system as well as oil-

water interfacial structure of emulsions. 

2.1. Emulsions 

Emulsions are colloidal dispersions of two immiscible liquids, which are mixed together in the 

presence of emulsifiers and form a structure, where one of the liquids is dispersed as spherical 

droplets in the other liquid, which is called as continuous phase (McClements, 2005). According to 

the distribution of droplets, there are several types of emulsions such as oil-in-water, water-in-oil as 

well as double emulsions (e.g., water-in-oil-in-water or oil-in-water-in-oil). Application of these 

emulsions is in food, agriculture, cosmetics, drug delivery as well as petroleum. In this Ph.D. 

project, the focus will be only on oil-in-water emulsions and their applications in food system.    

2.1.1. Oil-in-water emulsions 

An emulsion, which has oil droplets dispersed in an aqueous phase, is classified as an oil-in-water 

emulsion (McClements, 2005). Examples from food systems are milk, mayonnaise, cream, 

dressings, cream cheese and soups. Oil-in-water emulsions can be classified according to their fat 

content. There have been many studies conducted on low fat (<30%) oil-in-water emulsions (Let et 

al., 2007; Berton-Carabin et al., 2014; García-Moreno et al., 2016); however, there has been only a 

few studies reported on high fat (>50%) oil-in-water emulsions (Horn et al., 2011). This Ph.D. 

study specifically focuses on high fat fish oil-in-water emulsions.  

High fat oil-in-water emulsions 

Oil-in-water emulsions consisting of more than 50% fat can be categorized as high fat oil-in-water 

emulsions. These emulsions tend to have a higher viscosity than low fat emulsions due to their high 

fat content. However, even at the same level of fat content, viscosity of high fat emulsions can be 

different depending on the type of the emulsifier or emulsifiers, using only proteins vs proteins in 

combination with surfactants or thickeners etc. Thus, these emulsions can be considered as 

spoonable or pourable based on the viscosity. Examples of high fat emulsions are dressings, cream 

cheese and mayonnaise.  
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interaction between polysaccharides and proteins/surfactants are dependent on the type of the 

molecules, their concentration, charge density of the chains, hydrophobicity and ionic character of 

the surfactant, the interactions (electrostatic, Van der Waals, hydrogen bond or other types of weak 

interactions) between the chains and the surfactant molecules or micelles the pH and on the ionic 

strength of the system (Guzmán et al., 2016). 

2.2.2. Low molecular weight emulsifiers (LMWE) 

LMWEs are surfactants, which lowers the surface tension between immiscible liquids such as oil 
and water.  

Surfactants 

Surfactants are relatively small molecules, which consist of a hydrophilic head group and a 

lipophilic tail group (McClements, 2005). They are used for improving emulsion formation and 

stability. Surfactants can be classified as synthetic or natural, and also depending on the nature of 

the head and tail groups. Examples of synthetic surfactants are mono- and diglycerides, sucrose 

esters, derivatives of monoglycerides (e.g., CITREM [citric acid esters of monoglycerides], 

DATEM [diacetyl tartaric acid esters of monoglycerides], LACTEM [lactic acid esters of 

monoglycerides]), Tweens (e.g., polyoxyethylene sorbitan esters, Tween 20, 60, or 80). Natural and 

bio-based surfactants are phospholipids (e.g., lecithin, phosphatidylcholine (PC)), saponins, and 

glycolipids, which might have animal, plant or microbial of origin.  

Head groups of surfactants may be nonionic, anionic, cationic, and zwitterionic. Tail groups may 

consist of one or more alkyl chains with various number of carbon atoms. These alkyl chains may 

be saturated or unsaturated. All these characteristics of surfactants have an influence on their 

adsorption behaviour at the oil-water interface as well as molecular organization in various 

structures (e.g., micelles, reverse micelles, bilayers, or vesicles) in solution such as an aqueous 

phase of the emulsion.   

Surfactants may have an influence on emulsion properties in several ways such as by altering oil-

water interfacial structure, interacting with other emulsifiers or biopolymers at the interface and/or 

in the aqueous phase, or forming micellar structures at the interface and/or in the aqueous phase. It 

was reported that surfactants (e.g., Tween 20, lecithin) replaced already adsorbed proteins at the oil-

water interface in oil-in-water emulsions (Mackie et al. 2000; van Aken, 2003). These interactions 

or behaviours of the surfactants have great potential for improving physical and oxidative stability 

of the oil-in-water emulsions (Fang and Dalgleish, 1993; Dalgleish et al., 1995).  On the other hand, 

replacement of proteins by other surfactants (e.g. Tween 20) makes the interface weaker (breaks 
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and protein may occur. This may lead to adsorption of LMWEs (e.g., surfactants) first and then 

HMWEs (e.g., biopolymers) attach to oil-water interface later. It was also reported that small 

molecule surfactants displaced protein at the interfacial layer (Mackie, 2004), form a mixed 

emulsifier layer (Fang and Dalgleish, 1996) or comprises laterally separated domains of emulsifiers 

(Pugnaloni et al., 2004; Waninge et al., 2005; Berton-Carabin et al., 2018). As better physical 

stability is obtained by the mixed emulsifier layer compared to laterally heterogeneous layers, 

mixed emulsifier layer is preferred to be obtained as an interfacial structure for oil-in-water 

emulsions.   

When different types of PC (e.g. DPPC [1,2-dipalmitoyl-sn-glycero-3-phosphocholine], DOPC 

[1,2-dioleoyl-sn-glycero-3-phosphocholine]) are adsorbed at the interface of an oil-in-water 

emulsion with CAS as emulsifier, it was observed that DPPC did not show a detectable competition 

at the oil-water interface, whereas DOPC not only competed with CAS during emulsification for 

adsorption but also replaced some of the already adsorbed casein from oil-water interface (Fang and 

Dalgleish, 1996). Another study reported that improved emulsification activity of lecithin was 

obtained by removing one of the fatty acid tails (lysolecithin), which results in higher HLB number 

thereby making the molecule more surface active in oil-in-water emulsions (Casado et al., 2012, 

Choi et al., 2011).  

Interaction of surfactants with proteins and polysaccharides, which results in formation of 

surfactant-biopolymer complexes, may influence the functional properties of the surfactant 

compared to its individual state. The effects are caused by the changes in the surfactant 

conformation due to different ways of binding. Binding may either be promoted or inhibited by 

different physicochemical mechanisms such as electrostatic or hydrophobic interactions, and 

hydrogen bonding (McClements and Jafari, 2018). Goddard and Hannan (1977) also reported that 

the polymer/surfactant interaction is most favorable in the following conditions; the longer the 

hydrocarbon chain of the surfactant or the straighter the chain, and when the head group is terminal 

to the chain. 

This approach regarding use of combined emulsifiers can also benefit retarding lipid oxidation in 

oil-in-water emulsions. It was shown that the electrostatic deposition of beet pectin on silk fibroin-

coated surfaces inhibited lipid oxidation (Chen et al., 2011). It has also been reported that combined 

use of CAS and lecithin prevented lipid oxidation to a higher extent than when CAS was used alone 

in 10 % fish oil-in-water emulsions, which is presumably due to a more favorable structure and 
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thickness of the interfacial layer when CAS and lecithin were used together (García-Moreno et al., 

2014). 

Functional properties of the emulsifiers can be enhanced with some modifications such as 

increasing their antioxidant properties by the attachment of a phenolic acid or altering HLB number 

by changing the lipophilicity of the molecule. These strategies regarding the modification of 

emulsifiers, stabilizers and antioxidant compounds are introduced in detail in Chapter 4.  

2.3. Emulsion formation and stability 

To form a simple emulsion, two immiscible liquids (oil and water) and emulsifiers are subjected to 

emulsification in a homogenizer, which is a mechanical device designed to carry out 

homogenization. Homogenization of an emulsion can be achieved in one or more steps. Primary 

homogenization is applied for the creation of a coarse emulsion, whereas secondary 

homogenization is applied for the reduction of the droplet size of the already existing emulsion 

(McClements, 2005). Physicochemical and sensory properties of an emulsion depend on the type 

and concentration of the ingredients and homogenization technique and conditions (McClements, 

2005).  

There are several types of emulsification equipment, which have been used for producing oil-in-

water emulsions, namely high shear systems (e.g., Stephan mixer), high speed mixers (e.g., Ultra-

turrax), high pressure systems (e.g., high pressure valve homogenizer), membrane systems, 

microfluidizers, ultrasonic homogenizers and colloid mills. Most of these homogenizers are more 

suitable for the production of low fat (<30% oil) emulsions such as microfluidizers, high pressure 

systems, and membrane systems. This is due to the high viscosity obtained when high fat emulsions 

are produced, which cannot be handled by all the homogenizers. Therefore, this Ph.D. thesis 

focused on the use of Stephan mixer and colloid mill, which can handle solutions with high 

viscosity allowing the production of high fat oil-in-water emulsions.     

Stability of the oil-in-water emulsions needs to be maintained in order to prevent the occurrence of 

physicochemical instabilities, which may also be caused by inefficient homogenization. Instability 

of oil-in-water emulsions may lead to undesirable changes in appearance (e.g, phase separation), 

texture, and smell as well as palatability. Therefore, formation of a stable emulsion and its 

preservation has a significant role. Following section is focused on the homogenizers used in the 

production of high fat oil-in-water emulsions. 
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2.3.1. Homogenizers used for the production of high fat oil-in-water emulsion 

Homogenizers used for the emulsification of high fat oil-in-water emulsions provide emulsions with 

different characteristics / important properties; some of them are described in Figure 2.5. Depending 

on the type of applications, the use of a type of homogenizer can be an advantage or a disadvantage. 

This is further elaborated upon below. 

Stephan mixer is a homogenizer which works by a high shear system principle. Homogenization 

happens in a mixing bowl, which consists of a blade in the center of the bowl. High as well as low 

viscosity emulsions can be handled with the blade, which is an advantage for the usage of the 

equipment in a wider range of applications. Moreover, larger droplet size (D[4,3] of 2 µm or higher) 

and a formation of a broader droplet size distribution are disadvantages of this homogenizer system. 

Product stress occurs under the conditions of high pressures, flow rates or possible heat generation 

during homogenization (Mao et al., 2010), which can trigger lipid oxidation. Thus, systems with 

high product stress may be a disadvantage depending on the susceptibility of the product to 

oxidation. 

  

 

 

 

 

 

 

 

 

 

Figure 2.5. Homogenizers employed in the formation of high fat fish oil-in-water emulsions and their 
important properties; a) Stephan mixer, b) colloid mill.  

a) b) 

Mean droplet size > 2 µm 
Suitable for the production of low and 
high viscosity emulsions 
No requirement for primary 
homogenization 
Medium to high product stress 

Droplet sizes 1-5 µm 
Mainly used for medium or high 
viscosity emulsions 
Requires primary homogenization 
High product stress 
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Colloid mills are the most common type of homogenizer equipment in food industry to homogenize 

medium and high viscosity emulsions (Walstra, 1993). Primary emulsion should be prepared using 

a homogenizer such a high speed mixer (e.g., ultra-turrax). Colloid mill breaks oil droplets into 

smaller pieces when the coarse emulsion flows through a small gap between rotor and stator (Figure 

2.6). The intensity of the shear stress can be modified by the adjustment of the gap between rotor 

and stator. Smaller gaps lead to smaller droplets; however, time spent in the colloid mill and flow 

rate used as well as number of times the emulsion is passed through the gap may also contribute to 

the droplet disruption, thereby decreasing droplet size of the emulsions (McClements, 2005).               

 

Figure 2.6. Illustration of the working principle of a colloid mill (Adapted from Wikimedia, 2019)  

Both Stephan mixer and colloid mill have water jacketed homogenization chambers to keep the 

temperature low. Temperature control helps to prevent the occurrence of lipid oxidation during the 

emulsion production. Both homogenizers can provide monomodal droplet size distributions; 

however, colloid mills provide narrower droplet size distribution compared to Stephan mixers due 

Inlet 

    Outlet 

Rotor 

Stator 

Gap size 
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to the gap between rotor and stator, which can be controlled in order to adjust droplet size. As both 

homogenizers have a closed system, there is a possibility to eliminate oxygen during emulsion 

production in the chambers. Stephan mixer can operate under vacuum, whereas colloid mill can run 

under nitrogen flow.    

2.4. Physical stability of emulsions 

Emulsions may demonstrate physical instabilities over time, starting from the moment they are 

produced. Physical instability leads to alterations in emulsifier organization and their distribution in 

an emulsion system. For example, this can occur when two or more oil droplets merge and the 

emulsifiers reorganize their conformations around the newly formed oil droplet in an oil-in-water 

emulsion. Physical instabilities are creaming, sedimentation, flocculation, coalescence, phase 

inversion, Ostwald ripening and phase separation, which are illustrated in Figure 2.7 (McClements, 

2005).  

 

Figure 2.7. Illustration of physical instability mechanisms in oil-in-water emulsions (Hu et al., 2017). 

Density difference between the two phases emulsified (e.g., oil and water) causes gravitational 

phase separation, which are called creaming or sedimentation as shown in Figure 2.7. These 

instabilities can be prevented by density matching, increasing viscosity of the continuous phase as 

well as decreasing the droplet size. Therefore, homogenization and addition of stabilizers and 



CHAPTER 2 
 

18 
 

thickening agents are commonly used techniques in order to increase the physical stability of 

emulsions (Berton-Carabin et al., 2018).  

Droplets may aggregate and form flocs, which contribute to a faster creaming due to the increased 

effective size compared to an individual droplet. The occurrence of flocculation hinges upon the 

droplets overcoming repulsive forces between droplets such as electrostatic and steric repulsions. 

Depletion flocculation occurs in the presence of low biopolymer concentrations, whereas bridging 

flocculation takes place in the presence of excess biopolymer concentrations in the continuous 

phase (Dickinson, 2009). These flocculated oil droplets may further merge and result in phase 

separation.  

There should be adequate amount of emulsifier available in order to form physically stable 

emulsions. However, it should be borne in mind that high concentrations of biopolymers (e.g., 

proteins and polysaccharides) might cause aggregation leading to depletion flocculation, and 

thereby coalescence of oil droplets and instability of the oil-in-water emulsions (Dickinson and 

Golding 1997). 

Ostwald ripening takes place in polydisperse emulsions, where smaller and larger droplets are 

present. It occurs due to the larger internal Laplace pressure of the smaller droplets compared to 

larger ones, which advances the diffusion of small droplets to larger droplets, thereby increasing the 

size of the large droplets in the emulsion system. It could be critical in some oil-in-water emulsion 

systems in food industry; therefore, the rate of Ostwald ripening should be controlled (McClements, 

2005).  

Among these instabilities, phase inversion may also occur, which is a process where oil-in-water 

emulsion changes to water-in-oil emulsion or vice versa. Phase inversion is a common technique 

used in the production of some food systems such as margarine and butter; however, it is 

undesirable in other emulsion systems due to its negative effect on texture, appearance, stability and 

palatability properties (McClements, 2005). 

2.5. Oil-water interfacial structure of emulsions (SAXS & SANS) 

Interfacial structure of the emulsions is dependent on the type, concentration as well as combination 

of the emulsifiers used. In general, single emulsifiers result in a monolayer formation. However, it 

was found that CAS forms multilayers when applied in higher concentrations (Dickinson, 1999). 

All these diversified behaviours of molecules result in differences in interfacial layer thickness, 
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packing density and permeability as well as dynamism in the molecular exchange at the oil-water 

interface such as replacement of proteins by LMWEs; e.g., surfactants. Moreover, some emulsifiers, 

e.g., proteins, reorganize themselves after the adsorption at the oil-water interface, which allows 

them to rearrange their conformation and increase the contact points between protein itself and 

interface (Berton-Carabin et al., 2018). It is also important that time is allowed during 

emulsification for proteins to adsorb. Hence, too fast mixing or shearing can lead to unstable or lack 

of formation of emulsions. Therefore, some time is required until the proteins find stability in their 

conformation and reach equilibrium before doing some analysis on the adsorbed or non-adsorbed 

protein content in the emulsions (Berton-Carabin et al., 2018).  

Physical properties of emulsions are closely related to oil-water interfacial structure, and they also 

have a considerable importance for the oxidative stability of the emulsion systems (Berton-Carabin 

et al., 2014). The oil-water interface of the emulsions has been found to be particularly critical as its 

properties play a significant role in the factors contributing to occurrence of lipid oxidation (Berton-

Carabin et al., 2018). Therefore, characterization of oil-water interface is important and in order to 

achieve that novel technologies using interdisciplinary approach should be applied.  

There are some techniques used for the characterisation of the oil-water interface indirectly, such as 

measuring the protein content in the aqueous phase of an emulsion emulsified with proteins. As 

proteins can either adsorb at the oil-water interface or locate in the aqueous phase as in monomers 

or aggregates (non-adsorbed proteins), measuring the protein content in the aqueous phase reveals 

the information on adsorbed protein content. The separation of phases of emulsions, e.g., oil phase, 

aqueous phase and oil-water interface, is conventionally done by centrifugation and 

ultracentrifugation. Separated phases are subjected to analysis of protein content or other 

compounds.  

Using protein content information together with surface area of the oil-water interfacial layer 

provides information for calculating the protein surface load of the emulsions. However, these 

indirect measurements might not represent the reality in these complex systems. On the other hand, 

there are some other techniques such as microscopy, where the information is taken from the 

sample itself from the interested area, but in this case, the information obtained is location specific. 

There are other techniques to characterize model interfaces such as ellipsometry or atomic force 

microscopy. However, for using these techniques, model interfaces need to be built (e.g. by using 

Langmuir-Blodgett trough); thus, they do not totally represent the real interface. Therefore, even 
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though in some cases useful information can be obtained to a considerable extent from the above 

mentioned techniques; alternative techniques are needed in order to elucidate oil-water interfacial 

structure in oil-in-water emulsions. 

SAXS and SANS techniques have been used in various fields from healthcare to energy. Despite its 

great potential, these techniques have been poorly applied in food science for elucidating the 

structure of various food systems. However, coupling SAXS and SANS techniques are suggested as 

powerful tools for understanding the nature, behaviour and structure of complex systems such as 

food emulsions. Several applications in other food systems are also presented in a previous review 

(Lopez-Rubio and Gilbert, 2009). The mechanisms behind these techniques are illustrated in Figure 

2.8 and 2.9. 

 

Figure 2.8. Illustration of the principle of small angle X-ray scattering experimental technique 
(Biosaxs, 2019) 

SAXS is an experimental technique, where the sample is illuminated by X-ray photon beams, which 

are provided by particle accelerators known as synchrotrons. X-rays hit the sample and scattered 

radiation from the electron-dense groups of the molecules in the sample is collected by a detector 

(Figure 2.8). Scattering curve (intensity versus scattering angle) was used to model a protein 

molecule that is shown on the upper right part of the plot in Figure 2.8. This technique helps to 

determine the size of the molecule, molecular shape in 3 dimensional matrix as well as to model the 

separate domains of the molecule of interest, which provides information about internal structure. 

Moreover, SAXS is used in combination with SANS in order to investigate the molecular dynamics 

of the molecules (e.g., proteins) in solutions, emulsions or in natural food system (e.g., milk) 

(Larson-Smith et al., 2012; de Kruif et al., 2012; Ingham et al., 2016). 

SANS technique requires a neutron source from a nuclear reactor, which provides the neutron beam 

to the instrument. As shown in Figure 2.9, incident beam comes from neutron source and targets the 

sample. After neutrons hit the molecules in the sample, they interact with the nucleus and scatter 

with a small exit angle less than 5 degrees. The small angle between scattered beam vector and 
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reverse micelles or vesicles if the concentration is higher than their critical micelle concentration 

(CMC). Lifetime of these structures is very short, e.g., around 10-3 s for a micelle (Berton-Carabin 

et al., 2014), meaning that the molecular exchanges in these micellar structures are very fast and 

dynamic. Therefore, special techniques are required which are time sensitive and has a principle fast 

enough to analyse these short-lived structures.  

Distribution of the emulsifiers can be measured using conventional methods such as separating the 

different phases of the emulsion and applying further analysis for the targeted compound in each 

phase, as described in section 2.5. However, these techniques are usually destructive and they do 

not provide information about the dynamics in the system. Therefore, results might not represent the 

real picture of the distribution of emulsifiers in the emulsion system. EPR spectroscopy is one of the 

non-destructive techniques, which has been applied in emulsion systems in order to understand the 

distribution mechanism of the emulsifiers/surfactants in situ. However, this technique requires the 

use of an EPR-active molecule such as spin probes. Examples of commercial spin probes are 

hydrophilic 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL, Figure 2.3) and 4-phenyl-

2,2,5,5-tetramethyl-3-imidazoline-1-oxyl nitroxide (PTMIO). This could also be a drawback of this 

technique, due to the fact that the emulsifier of interest needs to be modified with an EPR-active 

molecule such as nitroxide. This might affect the characteristics and behaviour of the compound, 

which could be unrepresentative of the real emulsifier.  

  

Figure 2.3. EPR spectrum of 50 µM TEMPOL in water. Molecular structure of TEMPOL is shown on 
the upper right corner of the spectrum.  
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EPR spectrum obtained from TEMPOL is shown in Figure 2.3 with the parameters used in order to 

analyse and interpret the data collected. Intensity of a spectrum is calculated by the double 

integration of the simulated spectra, which gives information about the amount of spin-probe in 

different environments such as oil or water phase of the emulsion. Peak to peak height is calculated 

from the difference between minima and maxima of the center peak. This information can be used 

for chemical stability of the spin-probe used in the study. Hyperfine splitting constant (aN) is 

calculated from the distance between the centers of center peak and high-field peak. This indicates 

the polarity of the environment, where the spin-probe dissolves/disperses in and gives the signal. 

For instance, aN value of the compound in the lipid phase should be lower than the aN value of the 

compound in the aqueous phase. Line width is calculated from the distance between the centers of 

upper and lower points of the center peak, which indicates the mobility of the spin-probes, e.g., 

smaller values imply higher mobility. Line width is also affected by the interaction of the probe/spin 

labelled emulsifier with other paramagnetic substances such as oxygen or even the same probe/spin 

labelled emulsifiers.  These parameters can be used for understanding the distribution of emulsifiers 

in the oil-in-water emulsion systems.    

Previous study reported that model ingredients (TEMPOL, 16-DS [16-doxyl-stearic acid], and 

PTMIO) showed different distribution patterns between oil and water phases of 10% tetradecane-in-

water emulsions depending on their lipophilicity (Berton-Carabin et al., 2013a). PTMIO was 

distributed between the lipid and aqueous phases; 16-DS was distributed between the lipid phase 

and the interface, whereas TEMPOL was present in the aqueous phase. Berton-Carabin et al. 

(2013b) showed in another study that PTMIO partitioned between the aqueous phase, the lipid 

droplet core, and the surfactant micellar pseudo-phase. In addition, the reduction rate of the 

nitroxide groups of PTMIO by ascorbate anions was faster in DTAB-stabilized emulsions than in 

SDS-stabilized emulsions, which showed the impact of droplet surface charge on the reactivity of 

PTMIO (Berton-Carabin et al., 2013b). Pegi et al. (2003) investigated the influence of lipophilicity 

and structure of different model molecules on their distribution in solid lipid nanoparticle (SLN) 

dispersions. The authors reported that TEMPOL was distributed in the solid lipid core, the 

phospholipid layers (deeper in SLN layer or in liposomes and closer to the surface of SLN) and 

water in the ratios of 0:0:100, whereas labelled PC was distributed in these phases in the ratios of 

10:89(26:3:60):1. 
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unsaturated aldehydes are further oxidized to lower aldehydes and dialdehydes during the more 

advanced stages of oxidation (Frankel, 2012).  

 

Figure 3.2. Aldehydes formed from EPA hydroperoxides (adapted from Kulås et al., 2003) 

Volatile secondary oxidation products have a significant sensory impact on food products due to the 

fact that they cause flavour deterioration, even at parts per billion (ppb) levels (Frankel 2012). Some 

of the volatile compounds derived from omega-3 PUFAs are described in Table 3.1.  

Table 3.1. Omega-3 PUFA originated volatile secondary oxidation products and their odour 

descriptions (Genot et al., 2003) 

Volatile compound Odour description 

Propanal 

t-2-Butenal 

1-Penten-3-ol 

1-Penten-3-one 

t-2-Pentenal 

t-2-Hexenal 

2,4-Heptadienal 

t,c-2,6-Nonadienal 

2-Ethyl-furan 

sharp-irritating 

old cheese 

sweet 

pungent, rancid green, sharp fishy, glue 

pungent, glue, green, grassy, apple 

sour, green 

t,c: fishy, burnt, rotten apples; t,t: nasty, green, rancid hazel nuts 

cucumber, cucumber-like 

flower 
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Nevertheless, there are strategies for providing chemically stable oil-in-water systems by the use of 

high quality and multifunctional ingredients as well as right homogenization techniques, which will 

be further discussed in the section 3.4. 

As the reaction mechanism and factors that influence oxidation are considerably different for 

emulsified lipids compared to bulk lipids, lipid oxidation in oil-in-water emulsions has been widely 

studied and strategies have been developed in order to prevent oxidation (Coupland and 

McClements, 1996; McClements and Decker, 2000; Berton-Carabin et al., 2013c; Berton-Carabin 

et al., 2014; Jacobsen et al., 2008; 2015; Decker et al., 2017). In the previous studies, oil phase 

content varied between 1-70% oil-in-water emulsions. Moreover, food systems in the form of oil-

in-water emulsions (e.g., milk, mayonnaise, yogurt, cream cheese, etc.) have also been studied 

(Nielsen et al., 2007; Sørensen et al., 2010a; Horn et al., 2012b; Alemán et al., 2015).             

Jacobsen et al. (2000) reported that use of extra emulsifier (DATEM) in combination to egg yolk 

improved the viscosity of the mayonnaise; however, this increase in the viscosity did not decrease 

the formation of fishy and rancid off-flavours. Moreover, same study also showed that addition of 

tocopherols (Toco 70) did not have an impact on the formation of volatiles and sensory perception. 

Fish oil enriched cream cheese was investigated to study if fish oil delivery emulsion produced with 

sodium caseinate, whey protein isolate, or a combination of milk proteins and phospholipids 

provided better oxidative stability compared to the addition of neat fish oil (Horn et al., 2012b). 

Results indicated that the oxidative stability of fish oil enriched cream cheeses was highest when 

fish oil was added as neat oil or in a delivery emulsion prepared with a combination of milk proteins 

and phospholipids compared to delivery emulsions prepared with either sodium caseinate or whey 

protein isolate.    

Sørensen et al. (2010b) substituted egg yolk as an emulsifier in light-mayonnaise with milk-based 

emulsifiers due to the fact that iron content in the egg yolk increase lipid oxidation especially in the 

presence of oils rich in LC n-3 PUFAs (e.g., fish oil). Results indicated that the initial quality of the 

emulsifiers plays a more important role than the iron content in the emulsifier. In another study, 

oxidative stability of fish oil enriched drinking yoghurt was found to be higher even when 

compared to yoghurt with added rapeseed oil or a mixture of rapeseed oil and fish oil stored for up 

to 29 days (Nielsen et al., 2007). 
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3.4. Factors influencing lipid oxidation in complex systems  

Factors such as ingredients, type of homogenizer, surface charge, pH, interfacial layer, droplet size, 

viscosity have an effect on lipid oxidation in complex systems such as oil-in-water emulsions. 

Ingredients 

Model oil-in-water emulsions consist of oil, water and emulsifier or combination of emulsifiers. In 

some cases, there are antioxidants or other ingredients such as stabilizers (e.g., polysaccharides) or 

surfactants (e.g., lecithin). The quality of the oil used for the production of the emulsion is 

important in terms of the amount of oxidation products due to the fact that the lipid oxidation can be 

initiated by lipid radicals already existing in the oil. Moreover, degree of unsaturated fatty acids 

also influences the oxidative stability of the oil-in-water emulsions. Fish oil is a good example of 

how a high degree of unsaturated fatty acid composition can lead to increased lipid oxidation 

(Frankel, 2012). Metal ions dissolved in the water used in the production of oil-in-water emulsions 

may also act as prooxidants (Jacobsen, 1999a).  

Emulsifiers 

Emulsifier types, concentrations and combinations used in an oil-in-water emulsion system may 

vary largely. Milk proteins such as sodium caseinate and whey protein are commonly applied 

emulsifiers in the food industry due to their ability to form and stabilize oil droplets in emulsions 

(Singh, 2011). It has been suggested that CAS provides better physical stability, which forms 

thicker interfacial layer compared to whey or soy protein, which form thinner layers due to the 

steric hindrance effects (Hu et al., 2003). Even though first role of emulsifiers is to form an 

emulsion, which is related to their surface activity, they also show antioxidant activities such as 

radical scavenging and metal chelating and provide oxidative stability as well (Elias et al., 2008). 

Similarly, lecithin also inhibits oxidation in oil-in-water emulsions (García-Moreno et al., 2014).    

Emulsions can be produced using a single emulsifier or combined use of emulsifiers. They may 

show synergistic effects when they are used in combination due to enhanced interfacial properties 

such as packing density, thickness, permeability. The structure of interfacial layer may not only 

provide a protective membrane for the oil droplets, but also improves oxidative stability of the 

emulsions by forming a physical barrier against the diffusion of prooxidants present in the aqueous 

phase (Berton-Carabin et al., 2014).  
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Distribution of emulsifiers with antioxidant activity in an emulsion is also important due to the fact 

that non-adsorbed emulsifiers may chelate metals and scavenge radicals in the aqueous phase. 

Contribution of these non-adsorbed emulsifiers to physical and oxidative stability may be as 

important as the composition of the oil-water interface depending on the emulsifier type and 

concentration. On the contrary, formation of micellar structures by surfactants may interact with 

antioxidants and enhance or inhibit their radical scavenging and metal chelating activities in the 

aqueous phase of an emulsion system (Richards et al., 2002; Chat et al., 2011; Berton-Carabin et al., 

2013b).  

Type and initial quality of the emulsifier used in a food system may influence oxidative stability. In 

mayonnaise, egg yolk at low pH (around 4) releases iron, which is bound to egg yolk proteins such 

as phosvitin, lipovitelin and low-density lipoprotein (Jacobsen et al., 2001). Released iron (Fe3+) 

may also react with ascorbic acid, which is present in lemon juice as a common ingredient in 

mayonnaise, and reduced to more active form of iron as an oxidation catalyst (Fe2+). Combination 

of these factors such as emulsifier type, pH and interaction with other ingredients results in lipid 

oxidation in mayonnaise (Gorji et al., 2016).   

Droplet size 

Mean droplet size (D[3,2]) of an emulsion system indicates the total area of the interfacial layer. As 

the oxidation is initiated at the oil-water interface, surface area of the oil droplets is associated with 

the rate of the oxidation. This is due to the fact that interfacial layer is the contact area where the 

prooxidants in the continuous phase comes to the vicinity of the lipid phase in emulsions (Berton-

Carabin et al., 2018). However, there is no certain correlation between droplet size and lipid 

oxidation in emulsion systems. It is dependent on various other conditions of the emulsion system, 

such as emulsifier type and concentration, surface charge, viscosity, and homogenization conditions 

(Horn et al., 2012a; 2012c).    

Surface charge and pH 

In oil-in-water emulsions, oil droplet surface is where the lipid oxidation is initiated and propagated 

(Berton-Carabin et al., 2014). Therefore, surface charge of the oil droplets plays an important role 

in oxidative stability. Emulsions produced with anionic surfactants attract cationic metal ions and 

thereby have higher susceptibility to oxidation compared to cationic surfactants (Mei et al., 1998).  
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Oxidative stability of CAS stabilized emulsions at lower pH was found to be lower compared to 

emulsion at neutral pH, irrespective of the iron addition and fat content (Horn et al., 2011; Horn et 

al., 2012a). Moreover, formation of peroxides and volatile compounds was faster at pH 3.0 

compared to pH 7.0 irrespective of the emulsifier type (Tween 80, Citrem, CAS, or lecithin) and 

iron addition (Jacobsen, 2008). Sørensen et al. (2008) also reported that decreasing pH decreased 

oxidative stability in Tween 80 and Citrem stabilized emulsions. These results could be attributed to 

the fact that iron is more active in acidic conditions to react with hydroperoxides (Berton-Carabin et 

al., 2014).      

Viscosity  

High fat emulsions yields high viscosity compared to low fat emulsions due to the fact that oil has a 

higher viscosity itself compared to water. Increase in viscosity in an emulsion system affects the 

mobility of the molecules in the emulsion system. For instance, prooxidants such as metal ions and 

free radicals in the emulsion slow down and thereby rate of the oxidation is expected to be 

decreased in viscous emulsion systems.  Shimada et al. (1996) reported that Fe2+ induced oxygen 

consumption was affected by the viscosity of the aqueous phase in the emulsions, which were 

stabilized with polysaccharides such as xanthan.  

Homogenization type and conditions  

Type and condition of the homogenization may have an influence on the physical and oxidative 

stability of the oil-in-water emulsions. Horn et al. (2012c) reported that lipid oxidation in emulsions 

produced with whey protein were affected by the type of the homogenizer used. In contrast, same 

study showed that emulsions prepared with CAS was not influenced by the type of homogenizer 

used. These results are attributed to the effect of homogenizer on the distribution of the emulsifiers 

in the emulsion. Dalgleish et al. (1996) reported that the milk proteins were located differently 

between oil-water interface and aqueous phase according to the homogenizer type (microfluidizer 

vs. valve homogenizer) leading to differences in structure of the interfacial layer.   

Antioxidants 

Antioxidants are definitely one of the most important factors affecting lipid oxidation in complex 

systems. Therefore, detailed information about antioxidants and antioxidants used in oil-in-water 

emulsions are held in Chapter 4. 
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combined with proteins, which may also have antioxidant activity, synergistic effects on oxidative 

stability may also be seen (Huang et al., 2017).   

4.2.3. Antioxidant emulsifiers  

Some emulsifiers have antioxidant properties naturally. CAS has radical scavenging activity as well 

as metal chelating ability, which allows them to strongly bind transition metals due to their 

numerous phosphate groups (Diaz et al., 2003; Kim et al., 2007). Faraji et al. (2004) reported that 

whey protein isolate, soy protein isolate and CAS in the concentration of 10 mg/L were able to bind 

185, 405 and 980 µmoles of iron, respectively, which showed the high iron chelating capacity of 

CAS compared to other proteins.  

Phospholipids such as PC, phosphatidylethanolamine, and phosphatidylinositol show antioxidant 

activities such as degradation of hydroperoxides, metal chelating as well as regenerating 

tocopheroxyl to form tocopherol by hydrogen transfer (Bandarra et al., 1999; García-Moreno et al., 

2014; Samdani et al., 2018). 

4.2.4. Modified emulsifiers with phenolic acids and various lipophilicity 

Emulsifiers are surface active compounds, therefore they adsorb at the oil-water interface of 

emulsions. The strategy with modifying emulsifiers with antioxidants aims to bring the antioxidant 

activity in closer vicinity of the oil-water interface, where the lipid oxidation is claimed to be 

initiated. This approach was adopted in a previous study where egg white protein was conjugated 

with catechin (Gu et al., 2017). It was found that the egg white-catechin conjugates inhibited lipid 

oxidation significantly more than physical mixture of egg white and catechin.  

In another perspective, modified emulsifiers can also be built starting from an antioxidant 

compound such as alginates. Sodium alginate, which is used as a thickener in oil-in-water 

emulsions, has shown antioxidant activity (Falkeborg et al., 2014). Due to the fact that lipid 

oxidation is initiated at the oil-water interfacial layer, modification strategies are built on bringing 

antioxidant activity to the oil-water interfacial layer. Therefore, sodium alginate was modified with 

dodecenyl succinic anhydride. This made the whole molecule more lipophilic compared to a regular 

sodium alginate, and thereby resulted in making it more surface active than a common stabilizer 

(Falkeborg et al., 2015).  
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