
ERRATA 

p II line 29: “lipid-water interfaces provided” for “lipid-water interfaces, provided” 

p 31 line 23: “does not, however, appear” for “does not however appear” 

p 113 line 31: “the low amounts of -helix and β-sheet structures” for “the low amount of the -helix 

and the β-sheet” 

ADDENDUM 

p IV table column 3 row 4:  delete “Submitted” and read “In press” 

p IV table column 3 row 5: delete “Submitted” and read “Published” 

p XIV line 11: delete “Submitted to Langmuir, August 2011” and read “ Langmuir, in press” 

p XIV line 13: delete “Submitted to Langmuir, August 2011” and read “Langmuir 2011, 27, 14757-

14766” 

p XIV line 16: delete “, in press” and read “2012, 27, 91-101” 

p 6 line 4: delete “strength” and read “range” 

p 54 legend Figure 3A: the unmatched β-Lg stabilized emulsion should be the blue line; the baseline 

corrected β-Lg stabilized emulsion should be the red line. 

p 88 line 12: delete “the surface charge…electrostatic screening” and read “the Debye screening 

length and hence the measurable effective charge, i.e. the ζ-potential measured at the finite distance 

from the droplet surfaces” 

p 90 line 17: after “were retained.” add “ However, comparison between the two surfaces should be 

considered carefully because at low pH, -La can exist as a molten globule state,
43,44,46

 which may 

have less stable tertiary structure than the native protein, resulting in the variability of the dimension of 

the adsorbed protein as seen in Figure 1B” 

p 119 line 10: delete “the surface charge…electrostatic screening” and read “the Debye screening 

length and hence the measurable effective charge, i.e. the ζ-potential measured at the finite distance 

from the droplet surfaces”  

p 122 line 1: delete “SRCD results were also obtained (Appendix 5.1 Figure 6A) that” and read 

“Another SRCD study has also measured β-casein structure at emulsion interfaces by following the 

methods developed in this study and the results” 

p 122 line 16: delete “SRCD,” and read “SRCD, 
17-25

” 

p 122 line 17: delete “proposed…Figure 5.5” and read “shown in Figure 5.5 for comparison to the 

adsorbed β-Lg layer at the oil-water interface proposed in Chapter 3” 

p 170 add at the end of para 2: “However, one should be aware of the contribution of the non-adsorbed 

β-casein to the SRCD spectra. It is not possible to use centrifugation techniques to determine how 

much free β-casein was not adsorbed at the interface because the complex internal structure of liquid 

crystalline nanoparticles cannot be separated into serum and lipid phase. Future studies could 

investigate a range of β-casein concentrations without Pluronic F127 and identify the „threshold‟ β-

casein concentration to stabilize the nanoparticles, which in turn can provide information on the 

amount of β-casein adsorption to lipid nanoparticles.” 

p 192 line 7: delete “; and 4)…conformational changes of β-casein.” 



P 193 line 27: delete “, either retained…interface or” 

p 195 add at the end of para 3: “As discussed in Chapter 6, there is no experimental evidence showing 

how much β-casein was adsorbed. In this regard, further studies using a range of β-casein 

concentrations to stabilize the lipid nanoparticles are needed to provide a deeper understanding of the 

effect of the relative amount of protein adsorption on nanoparticle stabilty.” 

Comment on data reproducibility:   

       To obtain reliable DPI sensorgrams, SRCD spectra, FFTF spectra, SAXS spectra, 

each condition was measured at least twice on two different samples, the difference 

between sensorgrams/spectra was less than 0.5%. To obtain representative confocal 

images of emulsions and TEM of liquid crystalline nanoparticles, each condition was 

measured on two different samples with at least 10 images taken for each sample.  

Comment on DPI study:  

The comparison between the adsorbed protein layers on the hydrophobic C18 

surface and the hydrophilic silicon oxynitride surface should be interpreted carefully 

in Chapters 3-5. One could argue that the comparison is not possible because 

different pHs of the buffer were used in the DPI system and also different 

concentrations of protein solution were used for injection onto the chip surface. In 

regard to different concentrations, as can be seen in Chap 3 Fig 1, Chap 4 Fig 1 and 

Chap 5 Fig 5.1, the adsorbed protein layer had similar deposited mass between the 

two surfaces for each protein, regardless of the fact that different protein 

concentrations were used in the initial solution. This indicates that a similar amount 

of protein was adsorbed on the two surfaces, making the comparison possible and 

justified. In regard to different pHs, it has been shown by previous studies that the 

secondary and tertiary structure of β-Lg in solution remains stable even at pH 2
1
. In 

the case of -La, it is known that a molten globule state of -La exists under low pH 

and thereby interpretation of the DPI results should be more careful. More discussion 

is added as shown in the addendum. Despite the results on the silicon oxynitride 

surface at pH 3, results from protein adsorption to the C18 surface at pH 7 clearly 

show that hydrophobic interaction can induce significant protein structural changes. 

Future investigations could involve a study of the adsorbed protein layer on the 

hydrophobic C18 layer under pH 3 conditions for comparison.   

Reference for addendum: 

(1) El-Zahar, K.; Sitohy, M.; Dalgalarrondo, M.; Choiset, Y.; Metro, F.; Haertle, T.; 

Chobert, J.-M. Purification and physicochemical characterization of ovine -lactoglobulin and 

-lactalbumin. Nahrung - Food 2004, 48, 177-183. 
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Abstract 

Protein adsorption at oil-water interfaces of emulsions is an important process in the 

manufacture of many emulsion-based products in food and pharmaceutical industries. It is widely 

known that for protein-stabilized oil-in-water emulsions, the interfacial structure of proteins 

adsorbed at oil-water interfaces plays an active role in controlling the physical stability of the 

emulsions. However, the colloidal properties of emulsions such as the strong scattering and high 

absorbance of light have severely limited the ability of spectroscopic techniques to measure the 

interfacial structure of proteins. The lack of studies that systematically investigate the interfacial 

structure of proteins adsorbed at oil-water interfaces has limited our understanding of how the 

adsorption process mediates protein structural change and in turn the physical stability of the 

protein-stabilized emulsions. To address this issue, there is therefore great need to employ novel 

biophysical techniques that provide molecular level understanding of the interfacial structure of 

proteins adsorbed at oil-water interfaces.  

This thesis explores three biophysical techniques, i.e. synchrotron radiation circular 

dichroism (SRCD) spectroscopy, front-face tryptophan fluorescence (FFTF) spectroscopy and dual 

polarization interferometry (DPI), to study the interfacial structure of proteins adsorbed at oil-water 

interfaces of emulsions. The strong light from the synchrotron radiation source significantly 

enhanced the sensitivity of SRCD spectroscopy in measuring optically turbid emulsions. SRCD 

spectroscopy proved to be a powerful technique providing information on both the secondary and 

tertiary structure of proteins adsorbed at oil-water interfaces. Studies using FFTF spectroscopy in 

this thesis provided specific information on changes in the tertiary folding of globular proteins 

adsorbed at oil-water interfaces. DPI was employed in this thesis as a sensing technique to measure 

the geometric dimensions of proteins (thickness and density) adsorbed at planar hydrophobic 

interfaces mimicking oil-water interfaces of emulsions. Using the techniques of SRCD, FFTF and 

DPI, the interfacial structures of three proteins, i.e. β-lactoglobulin (β-Lg), α-lactalbumin (α-La) 

and β-casein, adsorbed at oil-water interfaces were therefore characterized at a molecular level. 

These milk proteins are common components of emulsifiers used in many food emulsions and have 

been frequently used as model proteins in studies of protein adsorption. 

Studies on the interfacial structure of β-Lg adsorbed at oil-water interfaces of two model 

emulsions (hexadecane-in-water and tricaprylin-in-water emulsions) showed that upon adsorption 

to oil-water interfaces, β-Lg changed from its native globular structure (3.6 nm in diameter) rich in 

β-sheet into an open flat structure with a non-native secondary structure with heat-resistant, α-

helical-rich characteristics. The β-Lg layer adsorbed at planar hydrophobic surfaces mimicking oil-

water interfaces of emulsions was shown to be thin (~1 nm) and dense (~1 g/cm
3
). The droplet 
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surfaces surrounded by the β-Lg interfacial layers were negatively charged (approximately -60 mV 

of ζ-potential), providing electrostatic repulsion between the emulsion droplets. Parallel studies on 

the physical stability of β-Lg-stabilized emulsions showed that these emulsions were resistant to 

droplet flocculation under the condition of heating up to 90 °C. However, increasing the ionic 

strength by adding 120 mM NaCl reduced the strength of the electrostatic interactions and thus 

caused β-Lg-stabilized emulsions to undergo heat-induced droplet flocculation.   

Studies on the interfacial structure of α-La adsorbed at oil-water interfaces showed that α-

La also underwent a significant structural change. Adsorption caused a loss of the well-defined 

globular structure of α-La (2.5 × 3.2 × 3.7 nm in crystal structure dimension) accompanied by the 

formation of a non-native, heat-resistant, α-helical-rich secondary structure. This structural change 

resulted in a thin (~1 nm) and dense (~1 g/cm
3
) layer of α-La, which was negatively charged 

(approximately -49 mV of ζ-potential). The main stabilization mechanism of α-La-stabilized 

emulsions was therefore also electrostatic repulsion. Like β-Lg-stabilized emulsions, α-La-

stabilized emulsions were resistant to droplet flocculation under the condition of heating up to 

90 °C. Interestingly, α-La-stabilized emulsions displayed better stability than β-Lg-stabilized 

emulsions under the condition of heating in the presence of 120 mM NaCl, mainly due to the lack 

of inter-droplet disulfide bonding reactions between the interfacial α-La layers. 

Studies on β-casein, a flexible protein with a large amount of unordered secondary 

structure, showed that adsorption to oil-water interfaces induced the formation of the non-native α-

helical structure in β-casein. The β-casein layer adsorbed at the planar hydrophobic surface was 

thicker (~5 nm) and more diffuse (0.4 g/cm
3
) than the β-Lg and α-La layers. The droplet surfaces 

surrounded by the β-casein layers were also negatively charged (-40 mV of ζ-potential). This 

interfacial structure of β-casein provided both electrostatic and steric repulsion between the 

droplets of β-casein-stabilized emulsions, which showed excellent resistance to droplet flocculation 

under conditions of heating up to 90 °C and 120 mM NaCl addition. This interfacial structure and 

function of β-casein in oil-in-water emulsions led to a study exploring the ability of β-casein as a 

stabilizer in another colloidal system, i.e. lipid liquid crystalline nanostructured particles, which are 

important systems in drug delivery applications. Results obtained from this study revealed that β-

casein adsorbed to lipid-water interfaces, provided steric stabilization and favoured the formation 

of the hexagonal liquid crystalline phase in these lipid nanostructured particles. 

 Overall, studies in this thesis have advanced our understanding of how adsorption to oil-

water or lipid-water interfaces leads to changes in the structure of proteins and in turn how it 

impacts on their function as stabilizers for colloids containing oil or lipid particles, which have 

implications in areas such as improvement of food emulsion stability and development of new drug 

delivery systems.  
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1.1 General considerations 

Protein adsorption at interfaces is a common phenomenon in many biological and 

industrial processes. Interfaces can be divided into three major categories: liquid-liquid interfaces 

such as lipid bilayers and oil-water interfaces of emulsions; solid-liquid interfaces such as 

biosensor chips; and gas-liquid interfaces such as the air-water interface of foams. Protein 

adsorption at these interfaces mediates membrane protein interactions with lipid bilayers,
1-5

 protein 

interactions with solid-supported surfaces in biosensors
6-10

 and protein interactions with oil-water 

or air-water interfaces for emulsification and stabilization.
11-15

  

This thesis mainly focuses on the adsorption process of milk proteins at oil-water interfaces 

of oil-in-water emulsions: how it affects milk protein structural properties and in turn the emulsion 

stability. There are many different types of emulsions such as macroemulsions, microemulsins and 

nanoemulsions depending on their particle sizes. The term ‘emulsion’ in this thesis refers to the oil-

in-water macroemulsion (average particle size >0.5 µm) stabilized by milk proteins. The oil-water 

interface of emulsions thus corresponds to the surface of the oil droplets in emulsions. Emulsions 

are frequently used formulations in food and pharmaceutical industries.
16-20

 The amphiphilic nature 

of proteins makes them good candidates as emulsifiers and stabilizers in emulsions. In particular, 

milk proteins such as sodium caseinate and whey protein isolate have been widely used in food 

emulsions.
21-25

 Studies over the past decades have shown that the interfacial properties of milk 

proteins adsorbed at oil-water interfaces play a key role in determining the physicochemical 

properties of the emulsion, including texture, taste, average particle size and stability.
26-30

 It is not 

surprising, therefore, that characterization of milk protein interfacial properties and emulsion 

properties has received widespread interest in the field of food colloid and interface science. 

This thesis also presents a study on the adsorption of milk proteins at lipid-water interfaces 

of lipid liquid crystalline nanostructured particles, which is a colloidal system of lipid liquid 

crystalline phases dispersed in an aqueous medium. In the last couple of decades, there has been 

considerable research into the formation and phase behaviour of lipid liquid crystalline 

nanostructured particles due to their great potential in areas such as controlled release of drugs and 

nutrients.
31-47

 Lipid liquid crystalline nanostructured particles are usually stabilized by synthetic 

polymers. However, the development of a biocompatible stabilizer is important. Although there is 

little information on milk proteins as stabilizers for lipid liquid crystalline nanostructured particles 

to date, milk proteins are a logical choice as biocompatible stabilizers since they have shown 

excellent stabilizing function in oil-in-water emulsions.  

This chapter provides an overview of the field of milk protein adsorption at oil-water 

interfaces of emulsions. First, a background introduction is given on oil-in-water emulsions, the 
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colloidal interactions and the physical stability (Section 1.2). Second, the current understanding of 

the molecular forces and properties of proteins in the native state in solution and adsorbed at oil-

water interfaces is reviewed, with a focus on protein interfacial structure and its characterization by 

a range of biophysical techniques (Section 1.3). Third, a review of the interfacial structural 

properties of three individual milk proteins at oil-water interfaces and the relationship to emulsion 

stability is presented (Section 1.4). Fourth, a section on lipid liquid crystalline nanostructured 

particles is provided to introduce their phase behaviour, the stabilization by polymers and the 

potential of use of milk proteins as alternative stabilizers (Section 1.5). Last, the general aims of 

this project are outlined (Section 1.6). 

1.2 Oil-in-water emulsions 

Oil-in-water emulsions are familiar to everyone through daily usage and consumption. 

Examples of food oil-in-water emulsions are milk, mayonnaise, cream liqueurs, etc. Food 

manufacturers seek to produce emulsion-based products of desirable organoleptic properties and 

long shelf life for transport and storage, which relies on the scientific understanding of the 

emulsion properties. The purpose of this section is to give an overview of the composition and 

formation, the colloidal interactions and the physical stability of emulsions.   

1.2.1 Composition and formation 

An oil-in-water emulsion is a system of oil droplets dispersed in an aqueous phase. An 

emulsion is both compositionally and structurally complex. Nevertheless, it can be generally 

divided into three distinct regions: the oil phase; the interfacial layer; and the aqueous phase 

(Figure 1.1). Molecules in an emulsion partition themselves between the three regions depending 

on their polarity and surface activity. The dispersed oil phase may contain a variety of lipid-soluble 

components, such as triacylglycerols, fatty acids, sterols and vitamins. The interfacial layer is the 

narrow region surrounding the oil droplet and may contain a mixture of emulsifiers, such as small-

molecule surfactants and large surface-active proteins and polysaccharides. The continuous 

aqueous phase may contain a mixture of water-soluble ingredients, such as salts, phospholipids, 

proteins and polysaccharides. 

  

Figure 1.1: An oil-in-water emulsion can be divided into three regions: the oil phase which 

is the interior of the droplet, the narrow interfacial region surrounding the droplet, and the 

aqueous phase. Adapted from19 
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Emulsion formation can be achieved by emulsification, a process of converting the 

separate oil and aqueous phases into an emulsion by high energy input. The creation of an emulsion 

is thermodynamically unfavourable due to the large increase in the overall free energy, which can 

be represented by the following expression: 

                                            ∆�formation =  ∆�                                                                  (1.1) 

where the free energy of formation (∆Gformation) is equal to the increase in the surface area between 

oil and water (∆A) multiplied by the interfacial tension (γ). Oil-in-water macroemulsions are not 

thermodynamically stable because of the increase in the surface area between oil and water upon 

emulsification. The oil and aqueous phases rapidly separate into two distinct layers to achieve the 

global minimum state. However, it is possible to create a kinetically stable emulsion when 

emulsifiers are present in the system. Emulsifiers adsorb to oil-water interfaces during 

emulsification, reduce the interfacial tension (γ) and create an activation energy barrier (∆G∗) 

against the transformation of the emulsion from the high to the low energy state (Figure 1.2). 

Hence, an emulsion can remain kinetically stable for a long period of time despite existing in a 

non-thermodynamically equilibrium state.  

 

Figure 1.2: An emulsion system is thermodynamically unstable, but can be kinetically stable 

with a ∆G∗ to overcome from the high to the low energy state. Adapted from19 

 

1.2.2 Colloidal interactions 

Colloidal interactions govern the kinetic stability of emulsions. In real food emulsions, 

colloidal interactions are very complex, arising from emulsion droplets, other colloidal particles 

and the ions and molecules in the aqueous phase.
16, 19

 Nevertheless, colloidal interactions between 

emulsion droplets can be understood in simple model emulsions. The overall interaction between a 
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pair of emulsion droplets can be described by the inter-droplet pair potential, which is the sum of 

all attractive and repulsive forces.
19

 The inter-droplet pair potential governs whether the two 

droplets remain as individual entities or aggregate. When the overall repulsive force dominates, the 

dispersion is stable. When the overall attractive force takes over, the emulsion droplets are likely to 

flocculate and/or to coalesce. There are various types of interactions that can occur between 

emulsion droplets, such as van der Waals interactions, hydrophobic interactions, electrostatic 

interactions, steric interactions, hydration interactions, depletion interactions, etc. This section 

focuses on four major types of colloidal interactions in protein-stabilized model emulsions.   

1.2.2.1 van der Waals interactions 

van der Waals interactions between emulsion droplets arise from the interactions between 

the molecules in the dispersed oil droplets, at the droplet interfacial layers and in the continuous 

aqueous phase.
19, 48-50

 Ultimately, van der Waals interactions arise from the fluctuating polarization 

of molecules and there are three types of forces: London dispersion forces (the interaction between 

two instantaneously induced dipoles), Debye/induction forces (permanent dipole-induced dipole 

interactions) and orientation forces (permanent dipole-permanent dipole interactions). The sum of 

all these inter-molecular interactions results in the van der Waals interactions that are attractive, 

strong and long range between emulsion droplets. These properties of the colloidal van der Waals 

interactions suggest that emulsion droplets always tend to flocculate (Section 1.2.3.2) and/or 

coalesce (Section 1.2.3.3) in the absence of any repulsive interactions.  

According to various mathematical models for van der Waals interactions,
19, 48-50

 major 

factors controlling the van der Waals interactions between emulsion droplets are dependent on the 

properties of each phase as described by the Hamaker function, the droplet size, the droplet 

separation distance and the composition and thickness of the interfacial layer. General features of 

the van der Waals interactions between emulsion droplets are:  

1) The inter-droplet van der Waals interactions are always attractive. The strength is 

described by the Hamaker function and depends on the physicochemical properties of 

the oil phase and the continuous aqueous phase, such as the dielectric constant, the 

refractive index and the electronic absorption frequency.  In an oil-in-water emulsion, 

the oil phase and the continuous aqueous phase usually have different dielectric 

constants and refractive indices. A larger difference of these properties between the oil 

and the aqueous phase results in stronger van der Waals interactions between emulsion 

droplets. 

2) The inter-droplet van der Waals interactions become stronger as the droplet size 

increases; the interactions become weaker when the droplet separation distance 

increases. 
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3) The orientation and induction contributions involving permanent dipoles influence the 

van der Waals interactions between emulsions droplets by the presence of electrolytes 

in the aqueous phase. Increasing the electrolyte concentration (higher ionic strength) 

can decrease the strength of the van der Waals interactions due to the accumulation of 

the counter-ions around the droplets, i.e. the electrostatic screening effect (Section 

1.2.2.3). 

1.2.2.2 Hydrophobic interactions 

Hydrophobic interactions between emulsion droplets originate from inter-molecular 

hydrophobic interactions between molecules at the surfaces of emulsion droplets.
19

 Hydrophobic 

interactions refer to the self-association of the non-polar regions of molecules in an aqueous 

environment to minimize the thermodynamically unfavourable contact with water, which manifest 

itself as a strong attractive force.
50-52

 Unlike van der Waals interactions which always exist between 

emulsion droplets, hydrophobic interactions only occur when the surfaces of the droplets contain 

some non-polar characters. This situation can arise either because there are insufficient emulsifiers 

to cover oil-water interfaces, leading to the exposure of non-polar oil molecules,
53, 54

 or because the 

emulsifiers themselves contain exposed non-polar regions.
29, 30, 55

 Therefore, factors influencing the 

inter-droplet hydrophobic interactions include: the droplet surface hydrophobicity, the extent of the 

emulsifier coverage of the emulsion droplet and the type of emulsifier adsorbed at the oil-water 

interface. The strength of the hydrophobic interactions increases as the surface hydrophobicity of 

the droplets increases. As emulsifiers, globular proteins can play an active role in determining the 

hydrophobic interactions between emulsion droplets as they can increase the surface 

hydrophobicity once adsorbed at the droplet surfaces, particularly upon heating.
29, 30, 55

  

1.2.2.3 Electrostatic interactions 

 Electrostatic interactions between emulsion droplets arise from the electrical charge carried 

on droplet surfaces.
19

 In the case of emulsions stabilized by the same type of emulsifier, the 

electrical charge on the droplet surfaces are the same, meaning the electrostatic interactions are 

repulsive. An isolated charged droplet surface contains an electrical double layer, i.e. one layer of 

ions directly adsorbed at the surface and one layer of counter-ions free in the bulk liquid, 

electrically neutralizes the first layer (Figure 1.3). When two droplets come together, the double 

layers of these two similarly charged droplets overlap and confine the counter-ions between the 

droplets to occupy a smaller volume, i.e. a decrease in entropy giving rise to a strong repulsive 

force.
19, 56

 The thickness of the double layer is related to the Debye screening length (κ
-1

); 

�-1 = � �0�R��
�2 ∑ �0i�� 

                                                                    (1.2) 
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where ε0 is the dielectric constant of a vacuum, εR is the relative dielectric constant of the solution, 

e is the elementary charge, n0i is the concentration of ionic species of type i in the bulk electrolyte 

solution (in molecules per cubic meter) and zi is their valency. 

The strength of the electrostatic interactions between emulsion droplets depend on two 

electrical characteristics: the surface charge density and the electric surface potential.
19

 The surface 

charge density is the total amount of charge in a unit surface area, whereas the electrical surface 

potential is the free energy required to increase the surface charge density from zero to a certain 

value. The strength of the electrostatic interactions increases as the surface charge density and the 

surface potential increase. These two characteristics depend on many factors, such as the 

concentration and the type of emulsifiers adsorbed at the droplet surface as well as the 

environmental condition (pH, temperature and ionic strength).  

Electrostatic repulsion is the major stabilizing mechanism in globular protein-stabilized 

emulsions, which are very sensitive to pH and ionic strength.
29, 30, 55, 57-60

 A pH close to the pI of the 

emulsifier can reduce the electrostatic interactions by reducing the number of ionized groups and 

hence reducing the surface charge density. Increasing the ionic strength by increasing the 

concentration and valency of ions (n0i and zi in Equation 1.2) reduces the Debye screening length, 

hence reducing the strength of electrostatic repulsion between emulsion droplets through the 

electrostatic screening effect (Figure 1.3). The electrostatic screening effect is the accumulation of 

counter-ions around the surface. The decreased thickness of the double layer results in weaker 

electrostatic repulsion and there is more potential for the droplets to flocculate.  

 

Figure 1.3: The electrostatic screening effect of salt addition on the double layers of 

charged emulsion droplets. The separation distance between two emulsion droplets can be 

significant reduced by salt addition (D2 < D1) due to the decrease in the double layers, 

leading to weaker electrostatic interactions. Adapted from61 
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1.2.2.4 Steric interactions 

Steric interactions between emulsion droplets are strong repulsive forces arising from 

overlap and compression of the interfacial layers when two droplets approach each other closely 

(Figure 1.4).
19

 When two emulsion droplets surrounded by steric interfacial layers approach each 

other, the overlap of the protruding segments of the interfacial layers causes a significant reduction 

in the conformational entropy of these segments, leading to strong repulsion between the two 

droplets (Figure 1.4). The overlap of the polymeric segments as two emulsion droplets approach 

each other induces an osmotic pressure gradient, which arises because of a local increase in the 

concentration of the polymeric segments in the narrow gap between the two droplets. This osmotic 

gradient pressure draws water from the bulk phase into the gap, thus preventing further approach of 

the droplets (Figure 1.4). 

The strength of the steric interactions between emulsion droplets depends on increase in 

the thickness and density of the steric interfacial layers, which are determined by the emulsifier 

type and concentration.
19

 An emulsifier adsorbs at the droplet surface in a certain conformation in 

order to provide sufficient steric stabilization. It must have some segments that can strongly anchor 

the emulsifier at the droplet surface and other segments that protrude significantly into the aqueous 

phase (Figure 1.4). Flexible polymer emulsifiers often adopt this conformation and form thick 

interfacial layers at the droplet surfaces, providing effective steric stabilization (Section 1.3.2).
13

 In 

contrast, compact globular proteins lack the polymeric segments that can protrude into the aqueous 

phase and thus generally form relatively thin layers (Section 1.3.2).
13

 

 

Figure 1.4: Steric interactions and the osmotic gradient pressure between the steric 

interfacial layers at the droplet surfaces. Adapted from12 
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Steric interactions and electrostatic interactions are the most common stabilizing 

mechanisms in food emulsions.
12, 19

 Steric interactions have one principal advantage over 

electrostatic interactions in that they are less sensitive to pH and ionic strength.
57, 59, 60, 62

 

Electrostatic interactions can be reduced or screened by altering pH and increasing ionic strength 

(Section 1.2.2.3). In comparison, steric interactions are fairly insensitive to pH and ionic strength, 

unless the thickness of the steric layer is affected by pH and ionic strength.
57, 62-65

  

1.2.3 Physical stability 

An oil-in-water macroemulsion is not thermodynamically stable but can be kinetically 

stable for a long period of time (Section 1.2.1). However, the kinetic stability of an emulsion can 

change with time due to a number of physical mechanisms. Understanding these mechanisms and 

the factors controlling them are important for identifying effective strategies to improve emulsion 

stability. Physical instability of emulsions involves changes in the spatial distribution of the 

emulsion droplets and the most common mechanisms are creaming/sedimentation, flocculation and 

coalescence (Figure 1.5). Two or more of these mechanisms may occur in an emulsion at the same 

time. The type of mechanisms that occur depends on the properties of the emulsion droplets, as 

well as environmental conditions, such as temperature, pH and ionic strength. This section 

summarizes the physical mechanisms of creaming/sedimentation, flocculation and coalescence. 

 

Figure 1.5: Schematic processes of physical instability of emulsions. Emulsion droplets may 

undergo creaming/sedimentation, flocculation and/or coalescence. 

 

1.2.3.1 Creaming/Sedimentation 

Creaming and sedimentation are gravitational separations due to the fact that oil droplets in 

an emulsion have a different density to that of the liquid surrounding them. Creaming refers to the 

upward movement of the oil droplets against gravity due to the fact that their density is lower than 
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the surrounding aqueous phase (Figure 1.5). Conversely, if the droplets have a higher density than 

the aqueous phase, sedimentation occurs as they move downward (Figure 1.5). The model 

emulsions used in the studies in this thesis contain oil droplets that have a lower density than the 

aqueous phase and hence only the creaming instability is introduced here. An emulsion that 

undergoes creaming results in a cream layer rich in oil droplets on top of a droplet-depleted bottom 

layer. The cream layer is more optically opaque and more viscous than the bottom layer (serum). 

Creaming is generally a reversible process and the droplets in the cream layer can be re-dispersed 

into the continuous phase by gentle shaking. However, the droplet-rich cream layer promotes 

flocculation (Section 1.2.3.2) and coalescence (Section 1.2.3.3) of droplets in close contact, which 

can be irreversible.  

The physical basis of creaming is explained by Stokes law; 

$ = %&' ∆(
)*°

                                                                            (1.3) 

where v is the creaming velocity, g is acceleration due to gravity, r is the radius of the droplet, ∆ρ 

is the density difference between the oil phase and the aqueous phase and ηₒ is the viscosity of the 

aqueous phase. According to Stokes law, the rate of creaming is controlled by three factors: the 

density difference between the oil phase and the continuous aqueous phase, the droplet size and the 

viscosity of the aqueous phase. Reducing the density difference decreases the rate of creaming. 

Increasing the viscosity of the aqueous phase is the most common method of controlling creaming 

in the food industry and it can be achieved by adding thickening agents such as hydrocolloids and 

polysaccharides.
66-70

 Decreasing the size of the droplets also reduces the rate of creaming. The size 

of the oil droplets in an emulsion is controlled by the emulsification condition and more 

importantly the ability of the emulsifier to lower the interfacial tension.  

Stokes law can only be strictly applied to an isolated rigid spherical particle suspended in 

an ideal liquid and to dilute emulsions.
19

 In practice, droplet creaming may be controlled by other 

factors. The droplet concentration of an emulsion is another factor affecting the creaming velocity. 

An emulsion with a high droplet concentration has a lower creaming velocity (v) compared to an 

emulsion with a low droplet concentration due to the close packing of the droplets, which increases 

the viscosity (ηₒ) of the continuous phase. The final thickness of the cream layer also depends on 

the initial droplet concentration and the effectiveness of the droplet packing.
12, 19  

1.2.3.2 Flocculation 

Flocculation refers to the process whereby two or more droplets approach together and 

become associated with each other without losing their individual structural integrity (Figure 1.5). 

The process of droplet flocculation in emulsions originates from two factors: the collision 
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frequency and the collision efficiency. The dominant mechanisms contributing to the collision 

frequency in droplet flocculation include Brownian motion, gravitational separation and applied 

mechanical forces.
19

 When there is no external mechanical force, the collision frequency decreases 

as the viscosity of the continuous phase increases and also as the velocity of the droplets due to 

gravity decreases, both of which retard droplet flocculation.  

The major interactions contributing to the collision efficiency in droplet flocculation 

include van der Waals forces (which are attractive), electrostatic and steric interactions (which are 

repulsive) between emulsion droplets (Section 1.2.2). Depending on the type of emulsifier 

adsorbed at the droplet surfaces, other interactions, such as hydrophobic interactions when globular 

proteins are employed as the emulsifier, may also become important in influencing the rate of 

flocculation. A net attractive force accelerates the rate of flocculation whereas a net repulsive force 

retards the flocculation process. Therefore, an effective method to control droplet flocculation in 

emulsions is to increase the repulsive interactions between the droplets. 

Two other types of flocculation can exist in emulsions and they are bridging and depletion 

flocculation. Bridging flocculation occurs due to the presence of biopolymers that can adsorb to the 

droplet surfaces.
71-74

 When sufficient attractive forces exist between these biopolymer molecules, 

the formation of bridges between two or more droplets is induced, promoting bridging flocculation. 

Depletion flocculation occurs due to the presence of colloidal particles in the continuous phase, 

such as biopolymers and surfactant micelles.
73, 75-77

 Due to steric constraints, these particles are 

excluded from the narrow gap between emulsion droplets, which creates an osmotic pressure 

gradient as these particles draw water from the narrow gap into the continuous phase to decrease 

the high local concentration of these particles. This osmotic effect manifests itself as an attractive 

force, causing depletion flocculation.     

1.2.3.3 Coalescence 

Coalescence refers to the process whereby two or more droplets merge together to form a 

single larger droplet and generally occurs in creamed and/or flocculated emulsions (Figure 1.5). In 

an emulsion, coalescence accelerates creaming of the oil droplets and eventually leads to a visible 

oil layer on top of the liquid, which is sometimes called ‘oiling off’. Coalescence is an irreversible 

process, which drives an emulsion toward its thermodynamically stable state due to the reduction in 

the contact area between oil and water. 

Our understanding of the rate and mechanism of coalescence is much less developed 

compared to gravitational separations and flocculation because coalescence is highly dependent on 

the nature of the emulsifier used to stabilize the emulsion. In general, coalescence occurs when the 
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thin liquid film separating the droplets in creamed and/or flocculated emulsions becomes thinner 

and eventually ruptures. The stability of the thin liquid film depends on the following factors: 

1) The capillary pressure, which causes drainage, thinning and eventual rupture of the 

liquid film. The capillary pressure arises from the interfacial tension and the interfacial 

curvature of the droplets. Lowering the interfacial tension and increasing the droplet 

size destabilizes the thin liquid film.
12

  

2) Colloidal interactions between emulsion droplets, which are controlled by the 

properties of the interfacial layer as well as the prevailing environmental condition 

(temperature, pH and ionic strength).
19

 Major interactions contributing to the rate of 

coalescence include van der Waals interactions (negative contribution), electrostatic 

and steric interactions (positive contribution) between emulsion droplets (Section 

1.2.2). 

3) Hydrodynamic interactions between emulsion droplets, which are controlled by 

rheological properties of the continuous phase and viscoelastic properties of the 

interfacial layer.
12, 19

 The rheology of the continuous phase influences the rate of the 

thin liquid film drainage. When the liquid film drains below a critical thickness, 

hydrodynamic forces can cause ripples in the film, leading to formation of holes and 

eventual rupture of the film. A highly viscoelastic and thick interfacial layer formed by 

adsorption of proteins rather than small-molecule surfactants as the emulsifier can 

highly resist the formation of ripples and holes and thus film rupture. 

4) Viscosity of the continuous phase, which can influence the collision frequency of the 

droplets (Section 1.2.3.2). Increasing the viscosity of the continuous phase retards 

droplet movement and thus the rate of coalescence.  

There are many strategies that can control droplet coalescence, such as varying aqueous 

phase conditions to prevent the droplets from approaching each other, lowering the interfacial 

tension and increasing the thickness and viscoelasticity of the interfacial layer. Milk proteins 

adsorbed at oil-water interfaces of emulsions are good examples of emulsifiers used to resist 

droplet coalescence. For instance, certain segments of β-casein adsorbed at the surface of the oil 

droplet can protrude into the aqueous phase and impart steric stability by increasing the thickness 

of the interfacial layer (Section 1.4.3), thereby slowing droplet coalescence considerably. 

1.3 Protein adsorption at oil-water interfaces of emulsions 

Many proteins are surface-active molecules due to their amphiphilic nature. They can 

adsorb to oil-water interfaces of emulsions, reduce the interfacial tension and provide repulsive 

interactions by forming an interfacial layer at the droplet surface.
12, 13, 53

 Repulsive interactions 

between the interfacial layers (Section 1.2.2) play a major role in controlling the physical stability 
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of an emulsion (Section 1.2.3). Therefore, understanding the properties of the interfacial layers of 

proteins at the droplet surfaces is a major focus in emulsion science. The purpose of this section is 

to give an overview of the molecular forces and structures of proteins in solution and proteins 

adsorbed at oil-water interfaces, with a focus on the characterization of the interfacial structure. 

1.3.1 Molecular forces and structures of proteins in solution  

Proteins have unique three-dimensional (3D) structures dictated by their amino acid 

sequences. The process of folding from an initially unfolded chain of amino acids (the primary 

structure) into a well-defined 3D structure (the tertiary structure) is called protein folding.
78-81

 This 

defined 3D structure, i.e. the native structure of a protein, generally corresponds to the global 

minimum state of free energy. The native structure of a protein is a consequence of a delicate 

balance between all driving and opposing molecular forces, including electrostatic forces, ion-

pairing, van der Waals interactions, hydrogen bonding, the hydrophobic effect and the 

conformational entropy.
78-80

 Studies over the last few decades have identified the dominant driving 

and opposing forces in protein folding.
78-80

 

The hydrophobic effect is the dominant driving force in protein folding.
52, 78, 82

 The 

hydrophobic effect, in the context of protein folding, refers to the tendency of the non-polar regions 

of a protein to come together so that the thermodynamically unfavourable contact with water is 

decreased. One of the most prominent manifestations of the hydrophobic effect is the hydrophobic 

core present in globular proteins where the non-polar residues are clustered and buried away from 

water. This core is the thermodynamic consequence of the hydrophobic effect. Most of the polar 

and charged residues are located at the surface of the protein and are exposed to water. The 

hydrophobic effect drives the initial step of the folding of a protein, resulting in a relatively 

compact state.
78

 This initial collapse of the chain into compactness strongly favours internal 

organization, i.e. the formation of secondary structures,
78

 which are regularly repeating structures. 

Three major secondary structures are the α-helix, the β-sheet and the β-turns. The α-helix is a 

coiled structure stabilized by hydrogen bonding between the CO group of each amino acid and the 

NH group of the amino acid that is situated four residues ahead in the sequence (Figure 1.6). The β-

sheet is a pleated structure formed by hydrogen bonding between the NH group and the CO groups 

on adjacent β-strands (Figure 1.6). Hydrogen bonding among the backbone amide and carbonyl 

groups plays an important role in the formation of the α-helix and the β-sheet (Figure 1.6).
78, 83

  

Conformational entropy is the dominant opposing force in protein folding.
78, 84

 

Conformational entropy is related to the number of possible conformations that the polypeptide 

chain can adopt in solution. There is local entropy (translational, rotational, vibrational) and non-

local entropy (the excluded volume effect).
78

 The excluded volume effect refers to the impossibility 

that two chain segments can simultaneously occupy the same volume of space.
84

 After the initial 
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folding of a protein which is driven by the hydrophobic effect, many segments of the amino acid 

side chains and the backbone become extremely compact and have limited volume of space to 

occupy.
85

 Therefore, there are relatively few ways the chain can adopt in its folded state due to 

severe steric constraints. While the hydrophobic effect leads to the compactness of a globular 

protein with the hydrophobic core, the severe steric constraints and the hydrogen bonding are 

largely responsible for its unique internal organization comprised of a combination of secondary 

structures. The two dominant forces, i.e. the hydrophobic effect and the conformational entropy, 

eliminate a considerable amount of conformational possibilities and together with all the other 

types of interactions give a protein its defined native structure.    

Understanding the dominant molecular forces in protein folding facilitates the explanation 

of denaturation mechanisms. Protein denaturation is a process of conformational change at 

quaternary, tertiary and secondary structure levels by application of external stresses or 

denaturants.
86

 There are many denaturing conditions that can induce protein conformational change 

to various degrees, such as high and low temperatures, high pressure and high concentrations of 

urea and guanidine hydrochloride.
87, 88

 The unfolding mechanism associated with each denaturing 

condition can be explained by the relative contribution of each of the molecular forces involved in 

protein folding. Denaturation at high temperatures occurs due to the large gain of conformational 

entropy so that the hydrogen bonding and hydrophobic interaction are disrupted.
78, 87, 88

 The 

consequence is the unfolding of the tertiary structure and the loss of the secondary structure with 

exposure of the hydrophobic regions of the protein, which drives protein aggregation to avoid 

contact with water. Cold denaturation of proteins occurs because the hydrophobic interaction is 

weakened with decreased temperatures.
89, 90

 Denaturants such as urea and guanidine hydrochloride 

cause protein denaturation by forming hydrogen bonds with polar residues, thus destroying the 

secondary and tertiary structure.
78, 91

 

 

Figure 1.6: A ball-and-stick representation of secondary structures. (A) α-helix; (B) anti-

parallel β-sheet; (C) parallel β-sheet. The dashed, green lines depict hydrogen bonds 

between the backbone NH and CO groups. Adapted from92 

A B
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β-sheet 
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1.3.2 Interfacial properties of proteins 

Protein adsorption at oil-water interfaces results in an interfacial layer, which is the narrow 

region that separates the oil phase from the aqueous phase (Figure 1.1). In protein-stabilized model 

emulsions, the interfacial layer consists only of the protein molecules and its properties determine 

the physicochemical and the stability characteristics of the emulsions.
16, 19

 These interfacial 

properties include:  

1) The interfacial tension (γ), which is related to the free energy stored in an oil-water 

interface.
19

 Reducing the interfacial tension is crucial for emulsion formation and can 

be achieved by adsorption of proteins as emulsifiers (Section 1.2.1). The rate of 

reduction in the interfacial tension is related to the molecular flexibility and 

hydrophobicity of a protein. Proteins that are more flexible and hydrophobic can 

change their structures and conformations more readily and reduce the interfacial 

tension more rapidly than more rigid and polar proteins.
93-98

  

2) Interfacial electrical characteristics, such as the surface charge density and the surface 

potential, which play an important role in the electrostatic interactions (Section 

1.2.2.3). Many proteins change their surface charge density and potential once they 

adsorb and reorientate their charged residues at oil-water interfaces under the right 

environmental condition, which then determines the strength of the electrostatic 

interactions in emulsions.  

3) Interfacial rheological properties, such as the interfacial elasticity and the interfacial 

viscosity. The interfacial rheology describes the behaviour of mechanical and flow 

properties of the interfacial layer. The rheological properties of the interfacial layer 

influence the formation and the physicochemical characteristics of emulsions.
13, 28, 99-102

 

The interfacial rheology is governed by the interfacial structure of the protein layer. 

Generally, globular proteins upon adsorption to oil-water interfaces form an interfacial 

layer with high elasticity and viscosity.
13, 28, 99-102

   

A very important interfacial property of the adsorbed protein layer is the interfacial 

structure. In this thesis, the interfacial structure of a protein adsorbed at the oil-water interface of 

emulsions refers to the thickness and density of the adsorbed layer and the molecular conformation 

(the secondary and the tertiary structure). The interfacial structure of proteins determines other 

interfacial properties, the colloidal interactions and the physiochemical and stability characteristics 

of emulsions.
13, 15, 19, 100

 

The interfacial structure of a protein differs largely from its native structure. In solution, a 

protein rotates freely and has a characteristic native structure determined by all molecular forces 

(Section 1.3.1). At oil-water interfaces of emulsions, it is widely thought that a protein rearranges 
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its structure to facilitate thermodynamically favourable interactions between the hydrophobic 

regions of the protein and the interface and to reorientate the hydrophilic regions toward the 

aqueous phase. The major driving force of adsorption-induced structural changes in proteins is 

therefore the hydrophobic effect. The intrinsic property of a protein, such as its sequence, size, 

molecular flexibility and surface hydrophobicity can influence the interfacial structure.
13, 103-105

 For 

example, flexible proteins such as caseins tend to form a thick interfacial layer with long 

hydrophilic regions protruding to the aqueous phase (the so-called ‘tail’ and ‘loop’) and the 

hydrophobic regions located at the interface (the so-called ‘train’) (Figure 1.7).
13

 In contrast, rigid 

globular proteins tend to form a thin and compact interfacial layer (Figure 1.7).
13

 A more detailed 

review of the interfacial structure of three milk proteins is given below (Section 1.4) 

  

Figure 1.7: A schematic representation of the interfacial structure of flexible and globular 

proteins at the oil-water interface. Adapted from19 

 

1.3.3 Characterization of protein interfacial structure 

The interfacial structure of proteins adsorbed at oil-water interfaces of emulsions has 

drawn much attention over the last couple of decades. However, some colloidal properties of an 

emulsion system, such as the light absorbance and scattering, can prevent biophysical 

characterization, particularly with spectroscopic techniques. Therefore, many studies characterize 

protein interfacial structure using model hydrophobic interfaces including lipid-water interfaces of 

liposomes, solid-liquid interfaces and air-liquid interfaces. Biophysical techniques employed for 

characterization of protein interfacial structure include scattering techniques for thickness 

measurements, ellipsometry and reflectometry for thickness and concentration measurements, 

spectroscopic techniques for conformational change measurements and microscopy for structural 

organization measurements. This section reviews five major techniques, which are relevant in this 

thesis, for characterization of the protein interfacial structure at oil-water interfaces and other 

model hydrophobic interfaces.   

1.3.3.1 X-Ray/Neutron reflectometry 

X-Ray/Neutron reflectometry is frequently used to measure the thickness and density 

distribution profile of the protein layer adsorbed at the air-water interface,
98, 103, 106-110

 the oil-water 

interface
111, 112

 and the solid-water interface.
113-116

 An X-ray/neutron reflectometry instrument 
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requires specialized equipment with an X-ray/neutron source. In a reflectometer, a beam of X-

rays/neutrons is directed onto and reflected from a layer at low incident angles (Figure 1.8). The 

reflectivity profile is calculated from the refractive index (n, normal to the interface), which is 

related to the scattering length density (ρ); 

/ = 1 − 1 (
%2                                                                             (1.4) 

where λ is the wavelength. The calculated reflectivity profile of the measured surface is then 

analysed using various computational methods, such as single-layer model fitting and multi-layer 

model fitting. X-Ray/neutron reflectometry studies have provided valuable information on the 

thickness and density distribution profile of the adsorbed protein layer (Sections 1.3.2 & 1.4). For 

example, characteristic interfacial structures formed by flexible proteins and rigid globular proteins 

have been observed (Figure 1.7).
103, 109, 112, 114

  

 

Figure 1.8: A schematic representation of neutron beam passing into a reflectometer cell. 

Adapted from112 

 

1.3.3.2 Dual polarization interferometry 

Dual polarization interferometry (DPI) is a recently developed optical sensing technique, 

which allows simultaneous measurements of various structural properties of the protein layer 

adsorbed at a solid-water interface in real time. DPI technology relies on two polarization modes: 

the transverse magnetic (TM) and transverse electric (TE) polarization modes. The sensor chip is a 

dual-slab waveguide, which consists of an upper sensing waveguide and a lower reference 

waveguide (Figure 1.9). Polarized laser light travels along the sensor chip, generates the evanescent 

waves in the sensing region or cladding layers and produces interference fringe patterns (Figure 

1.9). Using Maxwell’s equations, several opto-geometrical properties of the adsorbed protein layer 

including the refractive index, mass, thickness and density of the adsorbed protein layer are 

obtained. DPI is emerging as a powerful technique for characterization of protein adsorption to 

solid-water interfaces
117-123

 as well as protein interactions with solid-supported membrane 

bilayers.
124-128

 To date, few studies have employed DPI to study protein adsorption at hydrophobic 
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solid-water interfaces mimicking oil-water interfaces. With the availability of functionalized 

hydrocarbon sensing chips, DPI is a bench-top technique to measure the thickness and density of 

the protein layer adsorbed at hydrophobic solid-water interfaces. 

 

Figure 1.9: A schematic representation of DPI technique. With laser light shines through the 

waveguide, the protein adsorption event changes the refractive index and influences the 

positions of interference fringe patterns. The responses of TM and TE give a range of 

thickness and refractive index values respectively. By overlaying the two calculated ranges, 

a unique solution for the surface condition is obtained. Adapted from124 

 

1.3.3.3 Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is an established tool to measure protein 

secondary structure. FTIR measures the infrared absorption of proteins in the amide I region (1580-

1720 cm
-1

) and amide II region (1510-1580 cm
-1

), which are sensitive to protein secondary 

structure motifs. The frequency of the amide I and II absorptions are influenced by the strength of 

any hydrogen bonds involving the CO and NH groups of proteins. The α-helix and the β-sheet are 

associated with characteristic hydrogen bonding patterns (Figure 1.6) and therefore give rise to 

characteristic FTIR spectra. The subsequent data analysis of FTIR spectra thus reveals information 

about protein secondary structure in a certain environment. Generally, the α-helix absorbs from 

1648-1660 and 1545-1551 cm
-1

 in the amide I and II regions respectively; the β-sheet absorbs from 
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1625-1640 and 1521-1525 cm
-1

.
129, 130

 In comparison to far-UV circular dichroism (CD) 

spectroscopy, the major strength of FTIR lies in its ability to allow measurements of protein 

secondary structure in a variety of environments such as aqueous solution, hydrated films and 

turbid emulsions. The light scattering arising from emulsions does not cause interference with the 

FTIR signal and FTIR has thus been used to measure the conformation of proteins adsorbed at oil-

water interfaces (Section 1.4).
131-134

 However, one must keep in mind the complexity of the FTIR 

spectra of proteins, which means that the assignment of the secondary structure content is often an 

approximation. Unique assignments of individual secondary structures are often difficult because a 

complex protein structure generally produces an absorption profile of many overlapping peaks and 

shoulders (Figure 1.10).
129, 130

   

 

Figure 1.10: An example of original and deconvoluted FTIR spectra of whey proteins in 

solution (dashed line) and in emulsions (solid line). Reproduced from133   

 

1.3.3.4 Tryptophan emission fluorescence spectroscopy 

Tryptophan emission fluorescence spectroscopy is widely used to study protein 

conformational changes. In a fluorimeter, light excites a sample to a high energy state and then the 

emission of the absorbed light from the sample is recorded. Aromatic amino acids are intrinsic 

fluorophores and tryptophan is by far the most useful fluorescent probe for protein folding and 

conformational change.
135

 The emission energy of tryptophan is highly sensitive to the 

hydrophobicity of its local environment (Figure 1.11). At an excitation wavelength of around 295 

nm, tryptophan buried in the hydrophobic core of a protein or incorporated in a hydrophobic 

environment emits at wavelengths with a maximum around 335 nm (Figure 1.11).
135-139

 In 

comparison, the emission of tryptophan exposed to an aqueous solvent, for example due to 

denaturation of a globular protein, is red-shifted towards a higher wavelength with a maximum 
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around 355 nm (Figure 1.11).
136, 137, 140-143

 The emission spectra therefore provide useful 

information about the local environment of tryptophan, which can reflect protein tertiary structural 

change.  

In normal fluorescence spectroscopy, light excites the sample at an incident angle of 90°. A 

considerable amount of light is absorbed or scattered by an emulsion sample and thus results in 

poor signals. In order to study protein conformational change in emulsions, front-face fluorescence 

spectroscopy has been employed and the results have shown adsorption-induced conformational 

changes in proteins.
144-146

 With the incidence angle set to 56° in a front-face set-up, light does not 

need to penetrate deeply into the sample and a good signal can be obtained. The advantage of front-

face tryptophan fluorescence spectroscopy is that some information about the tertiary folding of 

proteins adsorbed at oil-water interfaces of emulsions can be obtained in a label-free, non-invasive 

environment. The major limitation is that fluorescence spectroscopy only reveals information about 

the local environment surrounding the tryptophan residues of a protein, which is only a small part 

of the molecule. The interpretation of tryptophan fluorescence signal changes should thus be made 

carefully in terms of the contribution from molecular conformational changes. It is important to 

have other spectroscopic techniques for comparison when relating the modifications in the local 

environment of tryptophan to protein conformational changes at the tertiary structure level. 

 

Figure 1.11: A schematic representation of how tryptophan emission (λmax) could be 

affected by the hydrophobicity of its immediate environment. 

 

1.3.3.5 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy is a spectropolarimetry technique used to measure 

protein secondary and tertiary structure in solution. A CD instrument measures the difference in the 

absorbance of left-handed polarized and right-handed polarized light by an optically active 

substance. Proteins are optically active molecules that can generate CD signals due to the presence 

of peptide bonds and aromatic amino acids.
147-149

 In the far-UV region (170-260 nm), the peptide 

bond is the major chemical entity contributing to the CD signal and each type of the secondary 

Wavelength

λmax
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structure gives rise to a CD spectrum of a characteristic shape and magnitude (Figure 1.12).
149

 The 

far-UV CD spectrum can be analysed using various mathematical methods, such as SELCON,
150, 151

 

CONTIN
152

 and CDSSTR,
153

 to obtain quantitative assignment of the secondary structural content 

in percentage.  

The aromatic amino acids contribute to the CD signal in the near-UV region of 260-320 

nm (Figure 1.12).
149, 154

 The near-UV CD spectrum depends on the number of aromatic residues 

present and the nature of their local environments. The major advantage of CD is that one can 

obtain information about the overall structure of a protein in different UV regions. CD has been 

used to quantitatively estimate the secondary structure,
151, 153, 155, 156

 to measure the conformational 

change at the tertiary structural level
139, 141, 157-159

 and to monitor the stability of a protein under 

defined physical stresses such as extreme pHs and elevated temperatures.
94, 97, 160

  

  

Figure 1.12: An illustration of the information on the secondary and tertiary structure of a 

protein that can be derived from far-UV and near-UV CD spectra. The far-UV CD spectra can 

reveal information on the secondary structure of a protein. A certain secondary structure 

motif, such as the α-helix (solid line in far-UV CD) and the β-sheet (dashed line in far-UV CD), 

generates a characteristic shape and magnitude of the CD signal in the far-UV region. The 

near-UV CD spectra can reveal information on the tertiary structure (folding of globular 

proteins) depending on the number of aromatic residues and their immediate 

hydrophobic/hydrophilic environments. Adapted from149 Type II dehydroquinase structure 

is generated by Pymol based on PDB file 2xd9.161 

 

CD signals can be severely impacted on by light scattering arising from emulsion droplets. 

When the light passes through an emulsion sample that scatters a large amount of light, there is 

significant decrease in the intensity of the measured CD spectrum and hence a decrease in the 

signal-to-noise ratio. As a consequence, there have been relatively few studies that use CD to study 

Far-UV (170-260nm) Near-UV (260-320nm)

α-helix β-sheet

Type II 

dehydroquinase
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protein conformation at oil-water interfaces of emulsions. However, CD has been used in many 

studies to characterize the conformation of proteins adsorbed at surfaces of liposomes, latex or 

teflon beads that mimic oil-water interfaces of emulsions.
139, 157, 162, 163

  

A novel approach was developed to measure the secondary structure of proteins adsorbed 

at oil-water interfaces of emulsions by Husband et al. (2001).
164

 By adding refractive index 

matching additives such as glycerol to make the refractive index of the aqueous phase the same as 

that of the oil phase, the resulting matched emulsion became optically transparent and allowed the 

measurement of emulsion samples using CD. This experiment has demonstrated conformational 

changes of globular proteins adsorbed at oil-water interfaces (Section 1.4.1).
164

 De Jongh and his 

group have also developed an external reflection CD technique to study the interfacial 

conformation of proteins, but the technique is limited to planar air-water interfaces.
105, 165, 166

  

Synchrotron radiation circular dichroism (SRCD) spectroscopy has also emerged as a 

powerful tool which takes advantage of the strong intensity of the light available from synchrotron 

sources. SRCD produces high signal-to-noise spectra, extends the wavelength region that can be 

measured down to 160 nm and most importantly enables improved penetration of light into highly 

absorbing and turbid samples.
167-169 For example, SRCD has been employed to study the secondary 

structure of membrane proteins in optically turbid media
169

 and thus has shown great potential in 

application to other highly absorbing and turbid samples.  

1.4 Interfacial structure and function of milk proteins in emulsions 

Bovine milk proteins are widely used in food emulsions because they have excellent 

emulsifying and stabilizing properties.
19

 The two main classes of milk proteins are caseins and 

whey proteins (Figure 1.13). Caseins contribute approximately 80% total milk proteins and are 

defined as proteins that precipitate from raw skim milk by acidification to pH 4.6 at 20 °C. Proteins 

still soluble in the milk serum are referred to as whey proteins.
170, 171

 The heterogeneity of dairy 

proteins has long been recognized. Caseins are classified into four families, namely, αs1-caseins, 

αs2-caseins, β-caseins and κ-caseins. They vary in many aspects, including the primary structure, 

degree of phosphorylation, electrophoretic mobility and solubility.
170, 171

 The major components of 

whey proteins are β-lactoglobulin (β-Lg), α-lactalbumin (α-La), bovine serum albumin (BSA) and 

immunoglobulins.
170, 171

 Caseins and whey proteins have such different molecular characteristics 

that they exhibit a range of structural properties when adsorbed at oil-water interfaces of emulsions. 

This section aims to describe three milk proteins, β-Lg, α-La and β-casein, as examples to provide 

an overview on the current understanding of the interfacial structure and function of proteins 

adsorbed at oil-water interfaces of emulsions. 
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Figure 1.13: Composition of bovine milk proteins. Source from171 

 

1.4.1 β-Lactoglobulin 

β-Lactoglobulin (β-Lg) represents about 12% total milk proteins. It consists of 162 amino 

acids with a molecular mass of approximately 18 kDa. β-Lg exists as dimers of about 36 kDa in 

natural milk.
171

 There are two most common genetic variants of β-Lg, A and B, but many others 

exist.
171

 β-Lg contains five cysteine residues per monomer; four of the cysteine residues form two 

intra-molecular disulphide bonds (Cys66-Cys160 and Cys106-Cys119) and one cysteine (Cys121) exists 

as one free thiol. The native structure of β-Lg in solution is well characterized by X-ray 

crystallography, FTIR and CD spectroscopy.
131, 160, 163, 172-175

 β-Lg is a compact globular protein that 

consists of nine anti-parallel β-sheets which wrap around to form a hydrophobic β-barrel with one 

long α-helix and four short 310 helices on the outer surface (Figure 1.14). With respect to the 

secondary structure, though different methods and algorithms may give rise to a slight variation in 

the prediction, β-Lg has a very high level of ordered secondary structures with a large amount of 

the β-sheet structure (40-50%) and a small amount of α-helix (10-15%).
139, 163, 174

  

β-Lg is one of the most extensively studied proteins in the field of denaturation under 

various conditions. Understanding the effect of thermal treatment is crucial for controlling the 

interfacial function of β-Lg and the quality of food products containing β-Lg as an ingredient.
22, 176-

178
 Thermal denaturation of β-Lg involves two major stages: unfolding and conformational change 

of the native protein followed by subsequent irreversible aggregation of unfolded molecules 

(Figure 1.15).
179

 In the native state, the disulfide bonds and free thiol group (Cys121) of β-Lg are 

buried and inaccessible to solvents. Subjecting β-Lg to heat at temperatures of 72 °C and above 
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A representation of β-Lg crystal structure. Generated by Pymol based on PDB 
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(Figure 1.7).
103, 109

 Neutron reflectivity studies have revealed that β-Lg adsorbed at the air-water 

interface may undergo a slow reorientation and the layer thickness and surface coverage may 

gradually increase with time.
103, 109

 These results showed that following the slow structural 

reorganization of β-Lg adsorbed at the surface, the initial monolayer converted to a two-

dimensional gel-like layer by non-covalent interactions (electrostatic, hydrophobic and hydrogen 

bonding).
13, 27, 57, 100, 184-186

 The two-dimensional gel-like layer of β-Lg exhibited highly viscoelastic 

properties which played an important role in emulsion stabilization.
57

  

Changes in the tertiary and secondary structure of β-Lg adsorbed at oil-water interfaces of 

emulsions or other hydrophobic interfaces have been studied using a variety of techniques, such as 

FTIR, front-face fluorescence and CD spectroscopy.
131, 146, 163, 164, 187

 It is widely considered that 

upon adsorption to oil-water interfaces, β-Lg undergoes a certain degree of unfolding as well as 

secondary structural change. However, contradictory results still exist mainly due to the light 

scattering problem from emulsion droplets. While FTIR studies showed that β-Lg lost some β-

sheet structure upon adsorption to oil-water interfaces, the results differed as to whether the loss of 

the β-sheet structure was accompanied by a concomitant increase in the unordered structure or the 

ordered α-helical structure.
131, 133, 146, 164

 Attempts to study β-Lg conformation at oil-water interfaces 

with CD spectroscopy have been undertaken by mimicking oil-water interfaces.
139, 163

 For example, 

one study examined the conformational change of β-Lg in the presence of anionic 

dimyristoylphosphatidylglycerol (DMPG) lipid vesicles.
139

 The insertion of β-Lg into the lipid-

water interface induced an increase in α-helical structure.
139

 As discussed above (Section 1.3.3.5), 

Husband et al. (2001) made a considerable advance by developing a refractive index matching 

method by adding glycerol to the emulsion.
164

 They found that when adsorbed at oil-water 

interfaces β-Lg showed an increase in α-helix.
164

 However, parallel FTIR experiments showed no 

change in α-helix but an increase in β-sheet structure for β-Lg adsorption to oil-water interfaces.
164

 

Another concern of refractive index matching method is that other reports have shown that a high 

concentration of glycerol may change the native structure of β-Lg at the first place.
188-190

 Overall, 

the conformation of β-Lg at oil-water interfaces of emulsions needs further examination by more 

sensitive techniques to achieve a better understanding of the mechanism of adsorption-induced 

conformational change.  

Despite the lack of data on the conformation of β-Lg adsorbed at oil-water interfaces, the 

influence of heating and moderate ionic strength on β-Lg-stabilized emulsion stability has been 

well characterized using light scattering techniques and optical microscopy. 
29, 30, 53, 62

 The main 

stabilizing mechanism in β-Lg-stabilized emulsions is electrostatic interactions (Section 1.2.2.3), 

which are provided by the negatively charged interfacial layer of β-Lg.
29, 30, 53, 62

 In the absence of 
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stabilized emulsions prepared at neutral pH are resistant to flocculation due to the 

relatively strong electrostatic repulsion between the droplets.
29, 30, 53, 62

 Addition of NaCl before 

heating causes electrostatic screening (Section 1.2.2.3) and thus leads to extensive 

when the emulsion is heated above 70 °C.
29, 30, 62
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77 and Cys73-Cys91).
171, 191

 

a crystal structure. Generated by Pymol based on PDB 

La play an important role 

At the secondary structure level, heating α-La 

can induce a conformational change at a lower temperature (~66 °C) than β-Lg (~73 °C).
132, 179

 

Lg with respect to protein aggregation and 

a does not aggregate via the sulfydryl-
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disulfide interchange reaction due to the absence of free thiol.
179

 However, α-La becomes more 

prone to heat denaturation in the presence of β-Lg than when it is heated alone.
179, 182

 The presence 

of the free thiol group of β-Lg triggers α-La to aggregate via sulfydryl-disulfide interchange and to 

a lesser extent via hydrophobic interactions.
179, 182

  

α-La has attracted considerable attention as a classical example of a protein that adopts the 

molten globule state under certain conditions.
137, 194-197

 The molten globule state of a globular 

protein is an intermediate physical state on the folding pathway and can be defined as a protein 

conformational state with native-like secondary structure but lacking any defined tertiary 

structure.
197, 198

 α-La has the ability to form a molten globule state under a variety of conditions, 

such as at low pHs, at high temperatures, at a moderate concentration of denaturants and in its Apo 

(non-calcium bound) form.
197

 Measurements of the environment of the buried aromatic residues in 

native α-La have revealed that α-La in its molten globule state is partially unfolded,
94, 194, 197, 199

 

while CD spectroscopy has showed that the partially unfolded α-La still exhibits a significant 

amount of α-helical content present in the native state.
97, 199

  

α-La adsorbed at oil-water interfaces of emulsions is less well-characterized in comparison 

to β-Lg (Section 1.4.1) and β-casein (Section 1.4.3). One FTIR study on α-La adsorbed at the soy 

bean oil-water interface found that adsorption induced additional β-sheet structure at the expense of 

the α-helical structure.
132

 Another study explored the tertiary conformation of α-La bound to 

liposomes composed of egg lecithin and dimyristoylphosphatidylcholine (DMPC).
137

 Liposome-

bound α-La exposed its deeply buried tryptophan residues, indicating partial unfolding.
137

 A CD 

study on α-La bound to DMPC vesicles reported an increase in the non-native α-helical structure 

especially at low pH 2 and 4.
200

 Despite these studies, the interfacial structure of α-La adsorbed at 

oil-water interfaces remains poorly understood. Moreover, the physical stability of model 

emulsions containing α-La as sole emulsifiers has not been extensively studied, likely due to the 

fact that the concentration of α-La in milk is relatively small.  

1.4.3 β-Casein 

β-Casein is the major casein protein in milk.
140

 β-Casein is a flexible, linear protein, which 

lacks a well-defined tertiary structure and does not contain a significant amount of secondary 

structures.
140

 Of the 209 amino acids in β-casein, 35 are prolines, the cyclic structure of which 

accounts for the low amount of the α-helix and β-sheet structures. β-Casein is very amphiphilic 

containing a highly charged N-terminal domain (0-40 residues) and a long hydrophobic C-terminal 

domain (Figure 1.17).
171

 In order to avoid the unfavourable contact between the hydrophobic 

domain and water, in solution, β-casein molecules self-associate into micelles. In fact, 95% of 
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caseins in milk associate into micelles, which are large colloidal particles with complex 

structures.
171

 In a simplistic view, a micelle consists of a core with buried hydrophobic regions of 

casein molecules and a ‘hairy’-like surface with protruding hydrophilic regions as well as charged 

molecules and ions. 

 

Figure 1.17: A schematic representation of the distribution of the hydrophilic and the 

hydrophobic regions along the β-casein sequence. 

 

β-Casein has a high surface activity and stabilizing ability due to its characteristic 

interfacial structure. Experimental studies including neutron reflectivity, dynamic light scattering 

and molecular modelling have been used to characterize the interfacial structure of β-casein 

adsorbed at oil-water or air-water interfaces.
21, 103, 114, 157, 201-204

 Results from these studies have 

shown that β-casein adsorbed at oil-water and air-water interfaces form two distinctive layers: a 

dense inner layer of 1-2 nm thick and 80-90% protein volume fraction; and an extended outer layer 

of 5-10 nm thick and less than 20% protein volume fraction.
103, 112, 114, 205

 Modelling and 
31

P nuclear 

magnetic resonance studies have identified the highly charged N-terminal (1-40 residues) as the 

protruding region into the aqueous phase.
205, 206

 The so-called ‘train-loop-tail’ model has been 

proposed to describe the interfacial structural organization of β-casein (Figure 1.7).
13

 When β-

casein adsorbs to oil-water or air-water interfaces, the hydrophobic region of β-casein is anchored 

at the interface (the ‘train’ regions) and the hydrophilic region extensively protrudes into the 

aqueous phase (the ‘loop’ and ‘tail’ regions) (Figure 1.7). Compared to the current knowledge on 

the thickness and density profile of the adsorbed β-casein layer, less information is known about 

the secondary structure of β-casein adsorbed at oil-water interfaces. However, one study on the 

secondary structure of β-casein adsorbed at the surface of teflon spheres using CD spectroscopy 

observed an increase in the α-helical content.
157

  

The interfacial structure of β-casein determines its interfacial activity as an emulsifier and 

a stabilizer. The hydrophobic region allows the favourable interactions between the protein and the 

oil phase, facilitating adsorption to the oil-water interface. The charged and long hydrophilic region 

then provides both electrostatic and steric stabilizing mechanisms (Sections 1.2.2.3 & 1.2.2.4) to 

emulsion droplets.
21, 57

 Therefore, β-casein-stabilized emulsions have excellent resistance to droplet 

flocculation upon heating and NaCl addition.
21, 65
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1.5 Lipid liquid crystalline nanostructured particles 

 Lipid liquid crystalline nanostructured particles are a colloidal system containing sub-

micron lipid particles dispersed in an aqueous environment. These lipid particles contain the 

internal nanostructures of the lipid liquid crystalline phases and hence are called lipid liquid 

crystalline nanostructured particles. This section gives an introduction to the liquid crystalline 

phases of lipids in excess water and how these bulk liquid crystalline phases can be dispersed into 

sub-micrometer particles. 

Polar lipids in excess water can spontaneously self-assemble to form remarkable structures 

with long-range three-dimensional periodicity but short-range disorder at atomic distances, and 

these systems are called lyotropic liquid crystalline phases. Glyceryl monooleate (GMO) and 

phytantriol (PHYT) are two examples of such polar lipids, which are amphiphilic and contain a 

polar head group and non-polar fatty acyl chains. The self-assembling process of these lipids in 

excess water is driven by the hydrophobic effect, which is the self-association of the non-polar acyl 

chains to minimize the contact with water.  

The liquid crystalline phase behaviour of GMO and PHYT in excess water has been well 

studied over the last few decades.
34, 39, 44, 207-218

 The chemical structures of GMO and PHYT and a 

schematic illustration of their phase behaviour in excess water are given in Figure 1.18. Studies 

have shown that both GMO and PHYT exhibit similar liquid crystalline phase behaviour in excess 

water.
34, 219

 GMO and PHYT in excess water can form an inverse bicontinuous cubic (V2) phase at 

ambient temperatures, an inverse hexagonal (H2) phase and an inverse micellar (L2) phase at higher 

temperatures (Figure 1.18).
34, 39, 219

 A consequence of the thermodynamic stability of these liquid 

crystalline phases when prepared using lipids such as GMO and PHYT in excess water is that they 

can be mechanically dispersed in the presence of stabilizers to form sub-micron particles that retain 

the internal nanostructure of the ‘parent’ lipid liquid crystalline phase in an aqueous environment. 

Dispersions of cubic and hexagonal phases into lipid particles with the internal phase structure have 

been termed ‘cubosomes’ and ‘hexosomes’ respectively. 
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Figure 1.18: Chemical structures of GMO and PHYT and various liquid crystalline phases 

they form in excess water. Dispersions of the bulk liquid crystalline phases can be achieved 

with the aid of stabilizers. The calculated surface representations of a hexosome and a 

cubosome are reproduced from40, 220 respectively. 

 

Each of the liquid crystalline phases has a unique nanostructure. The V2 phase consists of a 

network of two non-intersecting water channels separated by a single continuous lipid bilayer 

(Figure 1.18). There are three different types of V2 phases, and they are infinite periodic minimal 

surfaces (IPMS) of primitive, gyroid and diamond types with an Im3m, Ia3d and Pn3m space group 

respectively (Figure 1.19). The H2 phase consists of infinite cylinders of water molecules in a 

continuous medium of the lipid bilayer and the cylinders are arranged in a hexagonal array (Figure 

1.18). The L2 phase consists of water-in-oil micelles with head groups sequestered in the micelle 

core and the hydrocarbon chains extend towards the exterior (Figure 1.18). One of the commonly 

used techniques to identify liquid crystalline phases is small angle X-ray scattering (SAXS). SAXS 

measures the scattered intensity of X-rays from a sample at a small angle. The unique SAXS 

profile of the scattering intensity versus the scattering vector (q) allows the determination of the 

nanostructure of the liquid crystalline phases (Figure 1.20). In particular, the position of peaks (q 

values) allows the calculation of the space group and the lattice parameter for the unit cell of the 

liquid crystalline phase. SAXS has therefore been widely used in many studies on the temperature-

dependent liquid crystalline phase behaviour of GMO and PHYT.
33, 42, 43, 221
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Figure 1.19: Unit cells of the IMPS P-surface (Im3m space group), G-surface (Ia3d space 

group) and D-surface (Pn3m space group). Reproduced from220 

 

The cubic and hexagonal phases can be mechanically agitated to form cubosomes and 

hexosomes, which retain the internal structures of the bulk liquid crystalline phases (Figure 1.18). 

Mechanical forces that can be used to form cubosomes and hexosomes include high-pressure 

homogenization, ultrasonication and high shear microfluidization. As is the case for oil-in-water 

emulsions (Section 1.2.1), stabilizers are required to make kinetically stable dispersions of 

cubosomes and hexosomes.
37, 38, 219, 222, 223

 One of the commonly used polymers is Pluronic F127 

(F127), a commercially available triblock copolymer composed of a polypropylene oxide (PPO) 

block in the middle and two polyethylene oxide (PEO) blocks capped on both ends. It is believed 

that when F127 encounters the liquid crystalline phase, the PPO block locates at the hydrophobic 

lipid bilayer whereas the PEO tails protrude into the aqueous environment.
37, 38

 Such an 

arrangement provides steric repulsion between adjacent particles to oppose van der Waals and 

hydrophobic interactions, preventing particles from flocculation and coalescence. Many 

experimental studies of cubosomes and hexosomes employ cryo-transmission electron microscopy 

(cryo-TEM) which allows the visualization of these particles and their lattice symmetry (Figure 

1.20).
37, 38, 225

   

Both the non-dispersed liquid crystalline phases and the dispersed cubosomes and 

hexosomes are of particular interest to the pharmaceutical and food industries due to their potential 

to protect and control the release of cargo molecules.
31, 32, 36, 41-47

 The discovery of biocompatible 

stabilizers is therefore important for the application of cubosomes and hexosomes in oral drug and 

nutrient delivery. Peptides and proteins appear to be a logical choice as biocompatible stabilizers. 

Larsson first described studies using β-casein as a stabilizer for GMO dispersions.
39, 224

 Since the 

discovery of Pluronic F127, the use of proteins such as β-casein to stabilize cubosomes and 

hexosomes does not however appear to have been further explored using standard techniques such 

as SAXS and cryo-TEM. Given the potential of milk proteins as biocompatible stabilizers, it is 

therefore timely to study the use of proteins to stabilize cubosomes and hexosomes.   
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Figure 1.20: (A) A representative SAXS pattern of PHYT hexosomes. Reproduced from225 

(B) A cryo-TEM image of GMO hexasomes. Reproduced from38 

 

1.6 Project aims and thesis outline 

This chapter provides a review of the current understanding of the interfacial structure of 

milk proteins at oil-water interfaces of emulsions and the relationship between the interfacial 

structure and the physical stability of protein-stabilized emulsions. Due to the high light scattering 

and absorbing nature of emulsions, direct measurements of protein structure adsorbed at oil-water 

interfaces remain a challenge, resulting in a poor understanding of the interfacial structure, 

particularly at the secondary and tertiary structure level. There is therefore a strong need to 

determine the interfacial structure of proteins adsorbed at oil-water interfaces to fully understand 

the relationship between protein interfacial structure and protein function in stabilizing emulsions.  

The major aims of this PhD project are therefore: 

1) To develop new approaches for measurement of the interfacial structure of milk 

proteins in light scattering and absorbing colloidal systems at a molecular level. 

2) To systematically characterize the interfacial structure of milk proteins adsorbed at oil-

water interfaces of emulsions. 

3) To understand the interplay between milk protein interfacial structure and the emulsion 

stability under heating and moderate ionic strength conditions. 
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4) Based on the understanding of the interfacial structure of proteins at oil-water 

interfaces determined in this PhD project, to explore the adsorption of milk proteins at 

lipid-water interfaces of lipid liquid crystalline nanostructured particles and the 

potential of milk proteins as stabilizers. 

The rest of the thesis consists of five result chapters and one discussion/conclusion chapter. 

Chapter 2 describes the development of a novel approach using SRCD spectroscopy to directly 

measure the secondary structure of β-Lg adsorbed at oil-water interfaces of emulsions, which is 

presented as a published paper. Chapter 3 describes using three biophysical techniques, a study on 

the structure of β-Lg adsorbed at different oil-water interfaces and the structural relationship to 

emulsion stability, which is also presented as a published paper. Chapter 4 describes a comparative 

study of α-La to the previous β-Lg study and is presented as a submitted manuscript. Chapter 5 

follows the β-Lg and α-La chapters and describes a systematic study on the interfacial structure of 

β-casein and its relationship to emulsion stability. Chapter 6 describes an investigation of β-casein 

as a biocompatible stabilizer for the formation of lipid liquid crystalline nanostructured particles, 

and is presented as a submitted manuscript. Chapter 7 is the final chapter which summarizes and 

discusses all results of this project. Overall, the theme of thesis is the adsorption of milk proteins to 

oil-water and lipid-water interfaces and how the adsorption-induced structural change can influence 

the function of proteins in stabilizing oil droplets and lipid particles. 
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The structure of proteins at interfaces is a key factor determining the stability as well as organoleptic properties
of food emulsions. While it is widely believed that proteins undergo conformational changes at interfaces, the
measurement of these structural changes remains a significant challenge. In this study, the conformational changes
of �-lactoglobulin (�-Lg) upon adsorption to the interface of hexadecane oil-in-water emulsions were investigated
using synchrotron radiation circular dichroism (SRCD) spectroscopy. Far-UV SRCD spectra showed that adsorption
of �-Lg to the O/W interface caused a significant increase in non-native R-helix structure, accompanied by a
concomitant loss of �-sheet structure. Near-UV SRCD spectra revealed that a considerable disruption of �-Lg
tertiary structure occurred upon adsorption. Moreover, heat-induced changes to the non-native �-Lg conformation
at the oil/water interface were very small compared to the dramatic loss of �-Lg secondary structure that occurred
during heating in solution, suggesting that the interface has a stabilizing effect on the structure of non-native
�-Lg. Overall, our findings provide insight into the conformational behavior of proteins at oil/water interfaces
and demonstrate the applicability of SRCD spectroscopy for measuring the conformation of adsorbed proteins in
optically turbid emulsions.

Introduction

Emulsions are frequently used in the food and pharmaceutical
industries and there is currently significant focus on the
properties of the molecules that facilitate their formation and
control their physical stability.1-4 Proteins are common emulsi-
fiers and their structure at oil/water (O/W) interfaces is a key
factor determining the stability as well as organoleptic properties
of food emulsions.5-7 Milk proteins are frequently used as
emulsifiers because their natural amphiphilicity promotes emul-
sificationandtheirpolymericstructureaidsdropletstabilization.8-10

The two main classes of milk proteins are the caseins and whey
proteins.11 �-Lactoglobulin (�-Lg) constitutes around 80% of
whey protein and is among the most studied milk protein.11

The native conformation of �-Lg consists of nine antiparallel
�-strands, eight of which form a hydrophobic �-barrel with one
long R-helix and four short 310 helices on the outer surface.12,13

In comparison, the conformation of �-Lg adsorbed at emulsion
interfaces is thought to differ from the native conformation in
aqueous solution.14

The structure and denaturation of �-Lg has been extensively
studied in solution, both in the presence of chemical denaturants
(alcohols,15,16 ligands,17,18 and surfactants19,20) and physical
denaturants (heat and pressure).21 In the presence of chemical
denaturants, it is well-known that �-Lg converts from its native

�-sheet rich conformation into one with a high proportion of
non-native R-helix.15,20 In contrast, only a few studies have
examined protein conformation at O/W interfaces, and their
results are contradictory in the case of �-Lg. While Fourier
transform infrared spectroscopy (FTIR) studies indicate that
�-Lg loses some �-sheet structure upon adsorption to O/W
interfaces, the results differ as to whether the loss of �-sheet
structure is accompanied by a concomitant increase in unordered
structure or ordered R-helical structure.22-25 Moreover, Husband
et al.23 obtained conflicting results when studying the conforma-
tion of �-Lg in refractive index matched emulsions (RIME)
using FTIR and circular dichroism (CD). FTIR measurements
showed no change in R-helix and an increase in �-sheet content,
while CD indicated there was an increase in R-helix content
upon �-Lg adsorption to emulsion interfaces.23 These differences
may be due to the difficulty in obtaining CD spectra of proteins
in emulsions, where light scattering arising from the emulsion
droplets and high sample absorbance leads to very weak CD
signals.

Attempts to study protein conformation at emulsion interfaces
with CD have been undertaken by mimicking the O/W interface
encountered in emulsions.20,23,26 Zhang and Keiderling20 ex-
amined the conformational changes of �-Lg in the presence of
lipid vesicles. The insertion of �-Lg into this particular
lipid-water interface induced an increase in R-helix in �-Lg.20

Husband et al.23 made a considerable advance by developing a
refractive index (RI) matching method which enabled CD
measurements of protein conformation at O/W interfaces.
However, adding glycerol or polyethylene glycol can change
the hydration environment around the protein, thereby changing
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its conformation.27-29 Furthermore, the RI of the triglyceride
oils conventionally used in food is much higher (1.46-1.47)
than hexadecane (1.434) and would require almost pure glycerol
to match the RI.

Despite these previous FTIR and CD studies, the conforma-
tion of �-Lg at the interface of oil-in-water emulsions remains
poorly understood. Furthermore, there has been little examina-
tion of protein thermal stability at emulsion interfaces. Since
emulsions are frequently exposed to heat during food processing,
it is important to understand how heat affects the conformation
of proteins adsorbed at their interface. Therefore, alternative
CD methods are needed to overcome light scattering effects to
allow direct measurement of protein structure at emulsion
interfaces as a function of temperature. In the present study,
we developed a new approach, based on synchrotron radiation
circular dichroism (SRCD) spectroscopy, to investigate the
adsorption-induced changes and thermal stability of �-Lg in a
model oil-in-water emulsion. This is the first SRCD spectros-
copy study of proteins at emulsion interfaces and provides new
insight into surface-mediated conformational changes.

Materials and Methods

Materials. Fresh bovine milk was obtained from Tatura Milk
Industries Limited (Tatura, Vic, Australia). The milk was skimmed at
the pilot plant of the CSIRO Division of Food and Nutritional Sciences
(Werribee, Vic, Australia). �-Lg was then purified from the freshly
skimmed milk following the method developed by de Jongh et al.,30

with some modifications. The purity and molecular mass of the isolated
�-Lg variants were confirmed using a reversed phase HPLC-MS system
(Agilent Technologies, Santa Clara, CA). For detailed experimental
methods, see Supporting Information.

Tris(hydroxymethyl)aminomethane (Tris), sodium chloride (NaCl),
sodium phosphate (monobasic and dibasic), hexadecane, glycerol, and
sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (St.
Louis, MO). All chemicals and solvents were of analytical grade. The
Ultra pure water was prepared by a Purelab Ultra Genetic purification
system (ELGA LabWater) and used for all the experiments.

Emulsion Preparation. Solutions of purified �-Lg were prepared
in 10 mM sodium phosphate buffer, pH 7. Protein concentration was
calculated from solution absorbance measured at 280 nm (the molar
absorption coefficient of �-Lg was 0.96 mL mg-1 cm-1).11 A series of
20% (v/v) hexadecane oil-in-water emulsions stabilized by 1-10 mg/
mL �-Lg were prepared by homogenization at room temperature.
Hexadecane and the required amount of protein solution were blended
at 8000 r/min for 2 min using a high-speed mixer (Ultra Turrax, Janke
and Kunkel, Germany) and then passed through a high-pressure valve
homogenizer twice at approximately 500 bar (EmulsiFlex C5, Avestin,
Canada). To prepare the emulsion baseline, 0.3% (w/w) SDS-stabilized
emulsions containing 20% (v/v) hexadecane were prepared using
identical conditions to those used for the preparation of �-Lg-stabilized
emulsions. All emulsions were freshly prepared on site at the ISA-
synchrotron where the UV1 SRCD beamline is located (Institute for
Storage Ring Facilities, Aarhus University)31 and experiments were
performed within 24 h of preparation.

Particle Size Determination. Commercial �-Lg (Sigma-Aldrich, St.
Louis, MO) was used in experiments to determine the relationship
between �-Lg concentration and the average emulsion particle size.
Purified genetic variants were used to prepare emulsions at 0.3% (w/
w) protein concentration and were examined for particle size and the
surface coverage. The particle size distribution of the emulsions was
measured using laser light diffraction (Malvern Mastersizer 2000,
Worcestershire, U.K.) equipped with a Hydro SM small volume sample
dispersion unit. The emulsion droplet size distribution was calculated
from a best fit between the measured scattering pattern and a model
scattering pattern of equivalent polydisperse spheres (Mie theory). A
differential refractive index of 1.079 (1.435 for hexadecane and 1.33

for water) and an absorbance of 0.001 were used as optical properties
of the dispersed hexadecane droplets. The particle size was reported
as the surface area moment mean diameter d3,2 () Σnidi

3/Σnidi
2, where

ni is the number of particles with diameter di) and the weight average
mean diameter d4,3 () Σnidi

4/Σnidi
3). For each emulsion, five individual

measurements were made and reported as the average.
Determination of the Adsorbed Amount of Protein. Fresh

emulsions were centrifuged at 11600 × g for 15 min to separate the
oil droplets (the cream layer) and the subnatant phase containing
unadsorbed protein. The concentration of unadsorbed protein in the
subnatant was obtained by measuring absorbance at 280 nm. The
adsorbed amount of protein was calculated from the specific surface
area of the emulsion droplets (∝d3,2

-1) and is reported as the surface
coverage (weight of protein per unit of surface area).

SRCD Measurements. All SRCD measurements were performed
on the UV1 beamline of the SRCD station at the ISA.31 The SRCD
beamline was calibrated using camphorsulfonic acid for optical rotation
and wavelength at the beginning of every beam fill.32 A circular
demountable quartz cell (Hellma GmbH and Co., Germany) of 0.01
cm path length was used for far-UV SRCD measurements at 20 °C.
The operating conditions were 1 nm bandwidth, 2.69 s averaging time,
3 scans for solution sample, or 8 scans for emulsion sample. The spectra
were truncated at the low wavelength as defined in Miles and Wallace.32

For the RI-matched emulsion, 58% (v/v) glycerol was added to freshly
prepared emulsions. Unless otherwise noted, all measurements were
made at 20 °C in a temperature-controlled sample holder. For thermal
denaturation studies, an enclosed quartz cell (0.01 cm path length;
Hellma GmbH and Co., Germany) was used instead of the demountable
quartz plates. The temperatures examined were 20, 50, and 81 °C. For
each case, the first and third spectra were compared to ensure the sample
had reached equilibrium at that temperature. The near-UV SRCD spectra
were collected under similar conditions to those used for far-UV SRCD,
except that an enclosed quartz cell (Hellma GmbH and Co., Germany)
with a path length of 0.5 cm was used.

SRCD Data Analysis and Secondary Structure Calculations. All
spectra were processed using CDtool software.33 The spectra were
calibrated, averaged, smoothed, and baseline-subtracted. All spectra
presented were truncated at a low wavelength defined by the linearity
of the detection, as described in Miles and Wallace.32 The far-UV
SRCD spectra were converted to mean residue ellipticity [θ] units,
using a mean residue weight of 113 for �-Lg. Secondary structural
content calculations were performed using DICHROWEB, an
interactive Web server that incorporates various methods and a wide
range of protein spectral databases.34 The three methods used in
this study were SELCON3,35 CONTINLL,36 and CDSSTR.37 The
reference set SP175 (optimized for 190-240 nm) was used in the
spectral analysis.38 A goodness-of-fit parameter (the NRMSD) was
calculated for all methods.39

Results and Discussion

Design of Emulsion Systems. The aim of this work was to
study the conformation of �-Lg adsorbed at the interface of oil-
in-water emulsions using SRCD spectroscopy. The purification
protocol yielded genetic variants of �-Lg with a very high purity
(>98%) for the investigation of �-Lg structures (see Supporting
Information, Figure 1). Both �-Lg A and �-Lg B have the same
near and far-UV SRCD spectra in solution (data not shown).
Therefore, the current study only focused on the structure of
�-Lg A adsorbed at the interface of hexadecane oil-in-water
emulsions.

Two experimental approaches were used in this work (see
Supporting Information, Figure 2). In the first approach, glycerol
(58% v/v) was added to the aqueous phase of the emulsion to
match the RI of the two phases, effectively making the emulsion
translucent and measurable using SRCD spectroscopy. In a
second approach, a novel method was developed to measure
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the conformation of �-Lg adsorbed at the interface of O/W
emulsions without the need for RI matching. In this emulsion,
light scattering from oil droplets generated a significant back-
ground in the far-UV region. To eliminate these light scattering
effects, a baseline spectrum of an emulsion having similar light
scattering properties as the protein stabilized emulsion was
subtracted from the protein emulsion’s SRCD spectrum. Specif-
ically, SDS, which is a nonchiral surfactant frequently used in
the formation of oil-in-water emulsions, was used to generate
the hexadecane oil-in-water emulsion.

Particle Size Determination of �-Lg Stabilized Emulsions.
The SRCD spectrum of an emulsion can be confounded by
signals from protein both in solution and adsorbed at the
interface. Therefore, it is important to design emulsions where
there is a minimum of unadsorbed protein. To determine the
optimum protein concentration for emulsion preparation, the
influence of protein concentration on emulsion particle size was
examined (Figure 1). Figure 1 shows that the particle diameter
d3,2 was significantly reduced from 2.5 to 0.4 µm as protein
concentration increased from 0.1 to 0.3% (w/w). Further
increases in protein concentration greater than 0.3% (w/w)
resulted in a gradual decrease in average particle diameter,
reaching 0.15 µm at 1.0% (w/w) protein concentration. The
decrease in the particle diameter of emulsions stabilized by high
protein concentrations suggests that most of the protein should
be adsorbed at the O/W interface at 0.3% (w/w). Measurements
made after 24 h showed that the particle diameter of emulsions
made with 0.3-1.0% (w/w) �-Lg remained fairly constant. A
similar trend was also seen with d4,3. In the case of 0.1 and
0.2% (w/w) �-Lg stabilized emulsions, an appreciable amount
of creaming was observed. Creaming arose because emulsion
droplets of this size have sufficient buoyancy in the aqueous
continuous phase to undergo physical separation under gravity
over this time period.

The amount of adsorbed �-Lg was assayed by centrifuging
the emulsion and measuring the unadsorbed protein content in
the subnatant. Protein surface coverage was only assessed after
one centrifugation, which does not account for protein trapped
between droplets in the cream layer. The results showed that
approximately 90% of the protein was at the interface of the
emulsion stabilized by 0.3% (w/w) �-Lg, which corresponds

to a surface coverage (Γ) of 1.29 mg/m2. This value is slightly
less than a densely packed monolayer of adsorbed �-Lg (Γ )
1.65 mg/m2)40 and indicates that �-Lg probably forms a slightly
expanded monolayer at the oil droplet interface. Consequently,
0.3% (w/w) �-Lg stabilized emulsions were considered to be
relatively stable, to have almost all of the protein adsorbed at
the interface and to have a monolayer of adsorbed protein
allowing conformational change. Therefore, a 20% (v/v) hexa-
decane oil-in-water emulsion stabilized by 0.3% (w/w) �-Lg
was chosen for subsequent analysis of adsorbed protein
conformation.

Secondary Structure of �-Lg Adsorbed at the O/W
Interface. The conformation of �-Lg in solution and at the
interface of oil-in-water emulsions was measured using SRCD
spectroscopy. Figure 2 shows the far-UV CD profiles of �-Lg
in solution, in 58% glycerol, and at the O/W interface of the
RI-matched emulsion. In the far-UV region, �-Lg in solution
exhibited a minimum at around 216 nm, a zero-crossing at 203
nm and a maximum at 195 nm, indicating high �-sheet content.
However, the spectrum of �-Lg adsorbed at the interface of the
RI-matched emulsion had two negative minima at 219 and 209
nm and a zero crossing at 201 nm. Moreover, the magnitudes
of the positive and negative CD signals of �-Lg in the
RI-matched emulsion increased considerably. In comparison to
the protein in solution, the overall shape and magnitude of the
adsorbed �-Lg spectrum indicated a considerable increase in
R-helical content.

Because a large amount of glycerol (58% v/v) was added to
the emulsion to match the RI, the effect of glycerol on protein
conformation was also investigated. The results indicate that
the amount of glycerol used in this study only had a small impact
on �-Lg secondary structure in solution as shown in Figure 2.
However, previous studies have shown that higher glycerol
concentrations can affect the secondary structure of globular
proteins in solution, due to the preferential interactions that occur
between the protein hydration surface and the cosolvent and
solvent molecules.27-29 Furthermore, �-Lg is thought to unfold
to some extent at emulsion interfaces, exposing nonpolar groups
to the cosolvent, which may increase the preferential interaction
between �-Lg and glycerol. This may result in a larger effect
of glycerol on the secondary structure of the adsorbed protein
compared to the native protein in solution.

To avoid the possible negative effect of glycerol on protein
conformation, the unmatched emulsion was examined directly

Figure 1. Mean particle diameter (d3,2 and d4,3) of 20% v/v hexade-
cane oil-in-water emulsions stabilized by a range of commercial �-Lg
concentrations (0.1-1.0% w/w). Measurements were made im-
mediately after emulsion preparation and after aging for 24 h. Values
are the average of five individual measurements and the standard
deviations are shown. Single dots represent the particle size of
emulsions prepared using 0.3% (w/w) purified �-Lg A.

Figure 2. Far-UV SRCD spectra of �-Lg in 10 mM sodium phosphate
buffer pH 7 (black line), in 58% (v/v) glycerol/10 mM phosphate buffer
(red line), and in the RI-matched emulsion with 58% glycerol (green
line). The spectra were measured in situ at 20 °C.
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using SRCD spectroscopy. As a result of the high intensity of
the synchrotron photon flux, the spectrum of the unmatched
emulsion (Figure 3A) exhibited a dramatically higher signal-
to-noise ratio compared to that measured using conventional
CD reported elsewhere.23 However, light scattering from the
emulsion droplets caused the spectrum to be positively displaced
from the x-axis, particularly over the region of 255-270 nm.
To account for this background signal, an emulsion that had
similar light scattering properties as the protein stabilized
emulsion, but also did not absorb the circularly polarized light
was prepared. Figure 3A shows that the high tension (HT)
voltage signals of the two emulsions were similar, suggesting
that the SDS stabilized emulsion had similar light scattering
properties as the protein stabilized emulsion. Moreover, the
SRCD spectrum of the SDS (nonchiral) stabilized emulsion
replicated the positive displacement seen in the �-Lg stabilized
emulsion and allowed the positive background signal to be
quantitatively offset. The subtracted spectrum of the �-Lg
stabilized emulsion was then compared with the spectrum of
the �-Lg stabilized RI-matched emulsion as shown in Figure
3B. The spectra of adsorbed �-Lg in the RI-matched emulsion
and in the unmatched emulsion were very similar, validating
this new approach for measuring protein structures at emulsion
O/W interfaces in situ using SRCD spectroscopy.

To obtain an estimate of the secondary structure content, all
far-UV SRCD spectra were analyzed using the SELCON3
method in combination with reference set SP175 via the
Dichroweb online server (see Supporting Information, Table 1).
The solution structure of �-Lg was calculated to be comprised
of 36% �-sheet and 14% R-helix, which is consistent with the
proportion determined from the �-Lg crystal structure (PDB:
1bsy)41 by the DSSP program (40.1% �-sheet and 16.7%
R-helix).42 The presence of 58% (v/v) glycerol in buffer caused
minimal change in �-Lg secondary structural content. However,
upon adsorption to the O/W interface, the R-helical content of
�-Lg increased from 14% in solution to 35% in the matched
emulsion, whereas the �-sheet content decreased from 36 to
20%. Adsorbed �-Lg was 35% R-helical in the RI-matched
emulsion, whereas there was only 30% R-helix in �-Lg in the
unmatched emulsion. This difference in helical content may be
due to the effects of glycerol. The presence of glycerol in the
aqueous phase changes solvent properties which may alter
protein conformation at emulsion interfaces. Nevertheless, the

results of the RI-matched and the unmatched emulsions were
in broad agreement in terms of the adsorption-induced structural
change of �-Lg.

Fitting the spectra of �-Lg in the emulsion environment must
be carefully interpreted because the available reference databases
mostly contain spectra of known proteins in solution rather than
in emulsions with 20% (v/v) oil. For comparison, two other
algorithms, CONTIN and CDSSTR, were also used to calculate
the secondary structures (see Supporting Information, Table 1).
For the adsorbed �-Lg in emulsions, the various methods yielded
relatively consistent results in terms of the R-helix and �-sheet
content. Therefore, it can be concluded that adsorption to the
O/W interface induces an increase in the R-helix content in
adsorbed �-Lg secondary structure at the expense of �-sheet
structure. Previous CD and FTIR studies produced contradictory
results in terms of secondary structural changes of �-Lg upon
adsorption to the O/W interface.22-25 While some studies
reported a small increase in R-helix with little or no change in
�-sheet structure, others found a significant increase in unordered
secondary structure. In particular, our results differ to those of
Husband et al., the only other study to use CD to measure �-Lg
conformation at emulsion interfaces.23 The difference between
the two studies most likely arises because different �-Lg
concentrations were examined, which alters protein surface
coverage and the amount of protein in the continuous phase. In
this study, we have used a novel approach to correct for light
scattering effects and together with the application of SRCD
spectroscopy, have improved the signal-to-noise of the spectra
and the wavelength down to which spectra can be collected.

Tertiary Structure of �-Lg Adsorbed at the O/W
Interface. To study the tertiary structural changes of �-Lg upon
adsorption to O/W interfaces, near-UV SRCD spectra of �-Lg
in solution and in emulsions were recorded. In the near-UV
region of 260-340 nm, aromatic residues in proteins give
characteristic CD signals depending on their number, mobility,
and local environment. Figure 4 shows the near-UV SRCD
profiles of �-Lg in solution and in the RI-matched emulsion.
The measurement of near-UV CD spectra of �-Lg adsorbed at
emulsion interfaces can only be made in RI-matched emulsions
because near-UV CD signals are much weaker than those in
the far-UV region. The spectrum of native �-Lg in solution
shows a profile of two sharp negative peaks at 285 and 293 nm
arising from tryptophan residues, and two shallow minima at

Figure 3. (A) Far-UV SRCD spectra of the unmatched SDS stabilized emulsion (black line), the unmatched �-Lg stabilized emulsion (red line)
and the baseline corrected �-Lg stabilized emulsion (blue line). HT signals are represented in dashed line (black for SDS emulsion and blue for
�-Lg emulsion). (B) Far-UV SRCD spectra of �-Lg in 10 mM phosphate buffer (black line), the RI-matched emulsion (green line), and the
unmatched emulsion (red line). The spectra were measured in situ at 20 °C.
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266 and 277 nm originating from phenylalanine and tyrosine
residues.43 In the native structure of �-Lg, Trp-19 is located
inside the hydrophobic �-barrel and has a much lower solvent
accessibility than Trp-61, which is partially exposed to water.
It has been reported that the two peaks at 285 and 293 nm
largely reflect the environment around Trp-19.18,44-46 The
presence of glycerol had little effect on the near-UV SRCD
spectrum of �-Lg in solution (Figure 4).

Upon �-Lg adsorption to the O/W interface, the characteristic
peaks at 285 and 293 nm disappeared and collapsed into a broad
negative band with few features. The lack of definition in the
Near-UV CD spectrum of �-Lg adsorbed at the O/W interface
indicates a significant change in the environment of aromatic
residues, which could be due to overall loss of tertiary structure
or to the binding of hexadecane molecules inside the hydro-
phobic �-barrel. However, several studies have shown that the
two peaks at 285 and 293 nm are strongly retained upon ligand
(retinol and SDS) binding to the �-barrel of �-Lg.17,18 To assess
if the spectral changes were due to the loss of tertiary structure,
�-Lg in solution was heated to 81 °C (9 °C above its thermal
denaturation temperature of 72 °C). The near-UV SRCD
spectrum of thermally denatured �-Lg in solution gave a profile
with a broad and shallow negative band similar to that of �-Lg
adsorbed at the interface of the O/W emulsion. Therefore, it
can be concluded that adsorption of �-Lg to the interface of
O/W emulsions results in considerable loss of tertiary structure,
which if analogous to thermal denaturation may correspond to
the collapse of the �-barrel.

Thermal Stability of �-Lg in Solution and Adsorbed at
the O/W Interface. To compare the thermal stability of �-Lg
in solution and at the O/W interface, far-UV SRCD spectra were
recorded at room temperature (20 °C), 50 and 81 °C. In the
solution spectra (Figure 5), a small decrease in the negative
peak and a slight shift in the zero-crossing occurred at 50 °C,
indicating a small change in the secondary structure at 50 °C.
At 81 °C, the characteristic CD profile of �-Lg was completely
lost, indicating an appreciable loss of native secondary structure
and a shift toward a random coil conformation. This result agrees
with many studies of the thermal behavior of �-Lg in solution,
which show that the native dimer of �-Lg dissociates to the
monomer and small conformational changes may occur at
temperatures below the denaturation point.21 Above the thermal

denaturation temperature, �-Lg unfolds and exposes reactive
thiol groups, resulting in an irreversible conformational change
due to disulfide exchange.21

The far-UV SRCD spectra of �-Lg in the RI-matched
emulsion and in the unmatched emulsion are presented in Figure
6A and B, respectively. In both cases, the spectral peak positions
and zero-crossing points remain relatively constant upon heating
to various temperatures. In comparison to the thermal denatur-
ation of �-Lg in solution, the results in the emulsions indicate
considerably less change in secondary structure of �-Lg at the
O/W interface at higher temperatures. However, increasing
temperature resulted in a decrease in the intensity of the CD
signals. To determine whether the signal decrease was due to a
conformational change, the concentration-dependent HT voltage
values were examined, as they are proportional to the absorbance
of the sample. Figure 6A and B show that the HT values of the
emulsion sample (dashed lines) also decreased with the decrease
in CD signals as the temperature increased. This suggests that
the loss in the SRCD signal may be due to a decrease in protein
concentration as well as some conformational change as a result
of temperature-induced emulsion creaming (see Supporting
Information, Figure 3). Heating the emulsion generally acceler-
ates creaming, where buoyant emulsion droplets rise to the top
of the sample over time causing an increase in sample
concentration at the top and a decrease in sample concentration
at the bottom. Because the SRCD instrument only detects the
sample in the central area of the cell, if creaming occurs, the
protein concentration in the detection area will decrease and
lead to an overall loss in SRCD signal. Therefore, the results
suggest that the O/W interface not only induces an increased
R-helical content in �-Lg but also stabilizes this non-native
secondary structure against thermal denaturation.

In summary, this study has developed a new SRCD spec-
troscopy method for the measurement of protein structure at
emulsion interfaces. Our results provide high quality data which
permit further insight into the conformational rearrangement of
�-Lg at emulsion interfaces upon adsorption and during heating.
Like several other denaturants (alcohols, ligands/surfactants, and
phospholipids), the hydrophobic O/W interface triggers the
conversion from the native �-sheet structure of �-Lg to a
conformation with a high proportion of non-native R-helix.15,20

There are certainly common features between O/W interfaces
and solution-based denaturants, such as the role of hydrophobic

Figure 4. Near-UV SRCD spectra of �-Lg in 10 mM sodium
phosphate buffer pH 7 at 20 °C (black line) and at 81 °C (blue line),
in 58% (v/v) glycerol/10 mM phosphate buffer at 20 °C (red line),
and in the R.I. matched emulsion with 58% glycerol at 20 °C (green
line).

Figure 5. Far-UV SRCD spectra of �-Lg in 10 mM sodium phosphate
buffer pH 7 measured in situ at 20 °C (black line), 50 °C (red line),
and 81 °C (green line). Dashed lines represent HT of the correspond-
ing spectra.
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interactions in driving conformational change. However, the
mechanism of protein unfolding and stabilization in emulsions
is likely to differ from that in solution since the defined interface
found in emulsions provides a unique molecular environment.
The approach developed in this study now provides the basis
for future detailed thermodynamic analysis of this unfolding
phenomenon.

Conclusion

This study represents the first report of high signal-to-noise
SRCD spectra of proteins at the O/W interface of emulsions.
The adsorption of �-Lg to the O/W interface induced a
significant amount of non-native R-helix, accompanied by the
loss of the well-defined tertiary structure. In addition, the non-
native R-helical-rich secondary structure of adsorbed �-Lg was
significantly stabilized at the interface against heating. The
results suggest that the unfolding of �-Lg and the non-native
R-helical-rich structure are important in establishing the hydro-
phobic interactions with the oil phase. The present study has
also provided new insight into the conformational stability of
�-lg adsorbed to emulsion interfaces during heating, which has
important implications for improving emulsion properties under
thermal processing in industry. It has also demonstrated that
the high photon intensity of the SRCD beamline allows the in
situ measurement of the structure of adsorbed protein in highly
absorbing and optically turbid emulsion systems. Thus, we have
established a new method for studying protein conformation at
various interfaces, which has revealed new insight into the
effects of surface-mediated stresses on protein structure.
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Appendix 2.1: Supporting information 

 

Purification of β-Lg genetic variants 

The skim milk was acidified to pH 4.4 to 4.5 with 5 M HCl. The casein precipitates were 

removed by centrifugation for 35 min at 10 °C and 6000 × g (Beckman J2-MC, JA-10 rotor). The 

supernatant was poured over glass wool and the pH of the supernatant was raised to pH 7.2 with 1 

M NaOH. The residual precipitates were subsequently removed by centrifugation for 20 min at 10 

°C and 12000 × g. The supernatant was pooled and was referred to as the acid whey, which was 

dialyzed using 10 kDa molecular weight cut-off dialysis tubing for 24 h at 4 °C against Milli-Q 

water (Millipore, Billerica, MA). Whey preoteins were then separated using a Pharmacia fast 

protein liquid chromatography system (Pharmacia, Uppsala, Sweden) on a Q-Sepharose column 

(height: 9 cm, diameter: 4.45 cm). The system was equilibrated with 20 mM Tris buffer, pH 7, and 

run at 7 mL/min. The elution was carried out using a 0-0.4 M NaCl linear gradient. The pooled 

fractions corresponding to β-Lg A and β-Lg B from multiple runs were concentrated and clarified 

by ultra-filtration at 4 °C using the regenerated cellulose membrane with a 10 kDa molecular 

weight cut-off (Millipore, Billerica, MA). The samples were then frozen and lyophilized and stored 

at -20 °C. 

Liquid chromatography-mass spectrometry (LC-MS) 

Lyophilized β-Lg obtained from anion-exchange chromatography was dissolved in Milli-Q 

water at a concentration of 1 mg/mL. The reversed phase-high performance liquid chromatography 

system with a C18 column was operated at 5 µL/min in solvent A (0.1% (v/v) formic acid/Milli-Q 

water). The elution of β-Lg was achieved by a linear gradient from 10% to 100% solvent B (0.09% 

(v/v) formic acid/acetonitrile) in 30 min. The mass spectrometer was operated in a positive ion 

mode of electrospray ionization at a temperature of 325 °C. Nitrogen gas was used as drying and 

nebulising gas. The capillary exit was set at 88.3 V. The scan range of ions was from 150 m/z to 

2200 m/z.  All spectra were obtained as an average of 5 scans. The LC-MS system was controlled 

by Agilent Chemstation software allowing the data acquisition and data analysis.  
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Table S1: Calculated secondary structure of β-Lg under various conditions. 

Method αααα-helix % ββββ-sheet % NRMSD  αααα-helix % ββββ-sheet % NRMSD 

 in phosphate buffer   in glycerol/phosphate buffer 

DSSP 16.7 40.1 -  - - - 

SELCON3 14 36 0.129  14 36 0.128 

CONTIN 16 34 0.137  15 35 0.038 

CDSSTR 16 35 0.052  15 35 0.047 

SD 1.2 1.0 -  0.6 0.6 - 

        

 in the matched emulsion  in the unmatched emulsion 

SELCON3 35 20 0.057  30 22 0.065 

CONTIN 34 20 0.022  23 28 0.052 

CDSSTR 38 18 0.024  30 23 0.026 

SD 2.1 1.2 -  4.0 0.6 - 

 

Note: DSSP calculates the secondary structure from the crystal structure of β-Lg (the PDB file used: 

1bsy). SELCON3, CONTIN, and CDSSTR are the programs used to calculate the secondary structure 

from SRCD spectra based on the reference set SP175 (optimized for 190-240 nm) provided in the 

Dichroweb online server. The NRMSD is the normalized root-mean-square deviation parameter 

(goodness of fit). Standard deviations (SD) are also presented.  
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Figure S1: (A) Anion exchange chromatography of dialyzed acid whey on a Q-Sepharose column equilibrated in 

20 mM Tris buffer pH 7 with a linear gradient of 0-0.4 M NaCl. Peak A and Peak B are a mixture of whey proteins, 

mainly α-lactalbumin and bovine serum albumin. Peak F1 is β-Lg B. Peak F2 is β-Lg A. (B) (C) Positive ion 

electrospray mass spectra of β-Lg B fraction (F1) and β-Lg A fraction (F2) obtained from the Pharmacia anion 

exchange chromatography. The multiple charge states and the deconvoluted masses are shown. 
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Figure S2: (A) The SRCD cell used for the thermal study sitting in the bronze cell holder which can be temperature 

controlled in the cell chamber. Arrow indicates the synchrotron light passing through the sample. (B) The SRCD 

cell (without stoppers) with a freshly loaded emulsion sample ready for measurement. (C) The SRCD cell with the 

same emulsion sample as in (B) after the heat treatment. Arrow indicates the white cream layer.  
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Chapter 3 

Structural rearrangement of β-lactoglobulin at different 

oil-water interfaces and its effect on emulsion stability 

 

 

 
A schematic model of β-lactoglobulin adsorption to the oil-water interface 
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’ INTRODUCTION

Proteins are widely used in the food and pharmaceutical
industries for the formulation of emulsions owing to their natural
amphiphilicity.1�3 When they adsorb to oil�water interfaces in
emulsions, proteins form an interfacial layer which stabilizes
emulsions against flocculation via electrostatic and/or steric
repulsions.4�7 The structural properties of proteins adsorbed
at oil�water interfaces are key factors determining the stability
and other physicochemical properties, such as viscosity and
texture, of emulsions.8�11 Therefore, understanding the struc-
ture and stability of proteins adsorbed at oil�water interfaces has
been a major focus for researchers to improve the formulation of
emulsion-based products. However, despite considerable re-
search, we still have an incomplete understanding of the geo-
metric structure and conformation of proteins adsorbed at
emulsion oil�water interfaces and the specific effect of the
protein conformation on emulsion stability. While it is widely
accepted that proteins undergo some degree of conformational
change upon adsorption, the extent of the change and the
subsequent impact on emulsion stability remains unclear due
to limitations in measurement techniques. New approaches are

therefore needed to characterize the protein geometric structure
and conformation in situ at oil�water interfaces at the mole-
cular level.

A number of spectroscopic techniques have been used to
characterize the conformation of proteins adsorbed at oil�water
interfaces.12�15 Fourier transform infrared (FTIR) spectroscopy,
circular dichroism spectroscopy coupled with the refractive index
matching method, and tryptophan fluorescence spectroscopy
have all shown that proteins undergo some degree of conforma-
tional change upon adsorption to oil�water interfaces.12�15 We
recently reported the development of a new approach using
synchrotron radiation circular dichroism (SRCD) which allows
the direct measurement of the conformation of proteins ad-
sorbed at oil�water interfaces in emulsions.16 This SRCD
method differentiates the signal arising solely from the protein
in the emulsion from the signal arising from droplet light
scattering. β-Lactoglobulin (β-Lg) has served as amodel globular
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ABSTRACT: Understanding the factors that control protein structure and stability at
the oil�water interface continues to be a major focus to optimize the formulation of
protein-stabilized emulsions. In this study, a combination of synchrotron radiation
circular dichroism spectroscopy, front-face fluorescence spectroscopy, and dual
polarization interferometry (DPI) was used to characterize the conformation and
geometric structure of β-lactoglobulin (β-Lg) upon adsorption to two oil�water
interfaces: a hexadecane�water interface and a tricaprylin�water interface. The results
show that, upon adsorption to both oil�water interfaces, β-Lg went through a β-sheet
to R-helix transition with a corresponding loss of its globular tertiary structure. The
degree of conformational change was also a function of the oil phase polarity. The
hexadecane oil induced a much higher degree of non-native R-helix compared to the
tricaprylin oil. In contrast to the β-Lg conformation in solution, the non-native R-
helical-rich conformation of β-Lg at the interface was resistant to further conformational change upon heating. DPI measurements
suggest that β-Lg formed a thin dense layer at emulsion droplet surfaces. The effects of high temperature and the presence of salt on
these β-Lg emulsions were then investigated by monitoring changes in the ζ-potential and particle size. In the absence of salt, high
electrostatic repulsion meant β-Lg-stabilized emulsions were resistant to heating to 90 �C. Adding salt (120 mM NaCl) before or
after heating led to emulsion flocculation due to the screening of the electrostatic repulsion between colloidal particles. This study
has provided insight into the structural properties of proteins adsorbed at the oil�water interface and has implications in the
formulation and production of emulsions stabilized by globular proteins.
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protein in many studies on protein structures both in solution
and at emulsion interfaces,17�22 and we recently applied our new
SRCD technique to the study of the β-Lg conformation in
emulsions.16With the strong light intensity from the synchrotron
source, this method allowed the conformation of β-Lg adsorbed
at the oil�water interface to bemeasured in situ without the need
for additional sample preparation.16

There is also limited molecular understanding of the geo-
metric structure of proteins in terms of their molecular dimen-
sions when adsorbed at oil�water interfaces. While the adsorp-
tion of proteins to a number of interfaces has been studied using a
range of techniques, including X-ray/neutron reflectivity,23�25

ellipsometry,26,27 interfacial rheology,28�31 and scattering tech-
niques such as small-angle X-ray scattering (SAXS) and dynamic
light scattering (DLS),32�34 most of these techniques have
focused on either air�water interfaces (reflectivity) or particle
surfaces (SAXS/DLS). Measurements using DLS and X-ray/
neutron reflectivity have shown that whey proteins adsorbed at
oil�water interfaces form interfacial layers around 2�3 nm
thick.35 Unlike the whey proteins, the caseins form a thick
interfacial layer which protrudes more than 10 nm into the bulk
aqueous phase.36 Interfacial rheology studies may provide some
information on the unfolded state of adsorbed protein molecules
by examining the variability of the molecular areas and viscoe-
lasticity of films at oil�water or air�water interfaces.28�31

However, it is not possible to obtain higher resolution structural
information on proteins at oil�water interfaces using these
techniques. More recently, dual polarization interferometry
(DPI) has been used to characterize the geometric dimensions
of surface-adsorbed proteins and lipid layers.37�41 DPI is an
optical biosensing technique that analyzes thin layers adsorbed to
planar surfaces within aqueous environments. The dual optical
waveguide interferometer also allows the simultaneous measure-
ment of both the thickness and the density of adsorbed protein
monolayers in real time as has been demonstrated for bovine
serum albumin adsorbed to a silicon oxynitride sensor surface.38

Despite the lack of high-resolution data on the structure of
proteins in emulsions, the stability of protein-stabilized emul-
sions has been studied extensively for both globular proteins and
naturally unfolded proteins.4,42�45 In the case of β-Lg, emulsion
colloidal stability is primarily governed by the balance between
van der Waals attraction and electrostatic repulsion.4,10,44 It
is well-known that β-Lg-stabilized emulsions become unsta-
ble when exposed to sufficiently high concentrations of salt
(100 mM NaCl or 10 mM CaCl2) due to screening of the
electrostatic repulsion between the droplets.10,42,45 β-Lg-stabi-
lized emulsions are also sensitive to heat. Free cysteine residues
undergo disulfide exchange reactions as the emulsions are heated
past the solution denaturation temperature.4,10,44 In the absence
of salt, disulfide exchange is thought to result in protein cross-
linking within the interfacial layer, but in the presence of salt, it is
thought that cross-linking occurs between interfacial layers on
neighboring droplets.4,10,44 This sensitivity to heat suggests that
conformational changes at the interface contribute to emulsion
instability, but to date it has been technically difficult to inves-
tigate these effects.

In the present study, we have employed several new comple-
mentary approaches to characterize the geometric structure and
conformation of β-Lg adsorbed at the oil�water interface in
emulsions. To characterize the adsorbed structure of β-Lg, we
utilized DPI to measure the geometric dimensions of the
adsorbed protein monolayer and combined these data with

conformational analysis by SRCD and front-face tryptophan
fluorescence spectroscopy. Specifically we have studied the
thermal stability of β-Lg upon adsorption to two oil�water
interfaces: the tricaprylin�water interface and the more hydro-
phobic hexadecane�water interface. We also examined the role
that the emulsion oil phase polarity has in the protein structure
and how this impacts emulsion stability. We sought to use the
novel information we obtained on the structural changes of β-Lg
at different emulsion oil�water interfaces to provide a more
detailed understanding of the mechanism by which protein
adsorption influences emulsion colloidal stability.

’MATERIALS AND METHODS

Materials. β-Lg, sodium chloride (NaCl), sodium phosphate
(monobasic and dibasic), hexadecane, tricaprylin, glycerol, urea, and
sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich
Company (St. Louis, MO). All chemicals and solvents were of analytical
grade. The ultrapure water was prepared by a Purelab Ultra Genetic
purification system (ELGA LabWater) and used for all the experiments.
DPI Measurements and Data Analysis. The geometric dimen-

sions of β-Lg adsorbed to the oil�water interface were determined by
measuring the thickness and refractive index (RI) of the β-Lg layer
adsorbed on a C18 hydrocarbon�water interface, which mimics the
oil�water interface. The thickness and RI of the β-Lg layer adsorbed on
the immobilized C18 hydrocarbon AnaChip (Farfield Group, United
Kingdom) were analyzed using an Analight Bio2000 DPI instrument
(Farfield Group) equipped with an independent Harvard Apparatus
PHD2000 programmable syringe pump. DPI measures the phase
changes of two orthogonal polarization modes of light, namely, the
transverse magnetic (TM) mode and transverse electric (TE) mode,
traveling through a silicon oxynitride waveguide.37,38 The deposition of
molecules and the formation of layers on the planar surface of the
waveguide lead to a change in the responses of the TM and TE
polarizations. The thickness and refractive index of the layer structure
are obtained by solvingMaxwell’s equations of electromagnetic radiation
for both TM and TE polarizations for every time point. It is assumed for
the purposes of calculation that the layers are isotropic in nature. The
mathematical model for the conversion of thickness and RI data into the
layer mass and density is described below and in detail elsewhere.37,46,47

The C18 AnaChip surface and the bulk buffer (10 mM sodium
phosphate buffer, pH 7) were calibrated at 20 �C with 80% (w/w)
ethanol and water. The adsorption of β-Lg onto the immobilized C18
hydrocarbon�water interface was conducted in bulk buffer at 20 �C.
Freshly prepared 10 μM β-Lg solution in 10 mM sodium phosphate
buffer, pH 7, was injected at 10 μL/min for 15 min and followed by a
dissociation phase with the bulk buffer flowing over the layer for another
15 min. The obtained TM and TE phase change signals were resolved
into the thickness, the RI, and the mass of the β-Lg layer. Maxwell’s
standard equations of electromagnetic radiation were used to resolve the
experimentally obtained phase changes of TM and TE polarizations into
the thickness and the RI of the β-Lg layer. The density and mass of the
β-Lg layer were calculated using the following equations:

layerdensity ðg=cm3Þ ¼ DaðRI � RIbÞ
RIa � RIb

mass ðng=mm2Þ ¼ layerdensity ðg=cm3Þ � thickness ðnmÞ
where Da is the density of the protein (0.71 g/cm3), RI is the absolute
RI value of the layer, RIa is the RI of the analyte (1.465 for protein), and
RIb is the bulk RI (1.3332 for 10 mM sodium phosphate buffer).

A reference study was also performed by adsorbing β-Lg to a
hydrophilic silicon oxynitride Anachip (Farfield Group). The bulk buffer
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used for the reference study was 10 mM sodium phosphate buffer, pH 3,
in which β-Lg became positively charged to enable physical adsorp-
tion onto the negatively charged silicon oxynitride Anachip surface. A
100 μM β-Lg solution in 10 mM sodium phosphate buffer, pH 3, was
used for the absorption to the silicon surface. Since the physical ad-
sorption is a weak event, a high concentration (100 μM)ofβ-Lg solution
was needed to provide an amount of mass deposition similar to that of
the C18 Anachip experiment. All other experimental conditions were the
same as those in the C18 surface adsorption experiment.
Emulsion Preparation. Protein-stabilized emulsions (0.3%, w/w)

containing 20% (v/v) hexadecane or tricaprylin were used for the study.
Our previous study has shown that, at a final protein concentration of
0.3% (w/w) in emulsions, greater than 90% of the protein was adsorbed
to the interface.16 The protein concentration in buffer was determined
by an absorbance reading at 280 nm using a ThermoSpectronic UV�vis
spectrophotometer (Thermo, Wilmington, DE). The extinction coeffi-
cient used for β-Lg was 0.96 mL mg�1 cm�1.48 The emulsions were
prepared by blending the protein solution with hexadecane or tricaprylin
(20%, v/v) at 8000 rpm for 2 min using a high-speed blender (Ultra
Turrax, Janke & Kunkel, Germany) and then passing the mixtures
through a high-pressure valve homogenizer twice at approximately 700
bar (EmulsiFlex C5, Avestin, Canada). All emulsions used for SRCD and
fluorescence studies were freshly prepared on site at the ISA-synchro-
tron where the CD1 beamline is located (Institute for Storage Ring
Facilities, Aarhus University, Denmark), and experiments were per-
formed within 24 h of preparation.
SRCD Measurements and Data Analysis. All SRCD measure-

ments were performed on the CD1 beamline of the SRCD station at the
ASTRID storage ring.49,50 A Suprasil cell (Hellma GmbH & Co.,
Germany) of 0.01 cm path length was used for far-UV SRCD measure-
ments at 20 �C. The operating conditions were 1 nm bandwidth, 2.15 s
averaging time, and three scans for a solution sample or eight scans for an
emulsion sample. Spectra for baseline subtraction were recorded in
10 mM sodium phosphate buffer for a solution sample or in 1% (w/w)
SDS-stabilized emulsions for emulsion samples. The SDS-stabilized
emulsion has been shown in a previous study to be a valid baseline
which gives light scattering background but no protein signal by
SRCD.16 The temperatures examined for the heat treatment study were
20, 34, 48, 62, and 76 �C, and the SRCD cell containing the sample was
heated in situ in a temperature-controlled chamber. All spectra were
processed using CDtool software,51 as described in our previous study.
The far-UV SRCD spectra are presented as mean residue ellipticity [θ]
based on a mean residue weight of 113 for β-Lg calculated from its
sequence. Secondary structural content calculations were performed by
fitting the spectra to the reference set SP175 (optimized for
190�240 nm) in DICHROWEB52 using the SELCON3 method.53,54

Near-UV SRCD analysis was carried out under SRCD conditions
similar to those used for far-UV SRCD, except that a circular quartz cell
(Hellma GmbH&Co., Germany) with a path length of 0.5 cmwas used.
Emulsion samples for near-UV SRCD measurements were RI matched
using 58% (v/v) glycerol for hexadecane and 63% (v/v) for tricaprylin.
Our previous study showed no significant influence of glycerol addition
on the β-Lg native structure in the near-UV region. The near-UV SRCD
spectra were presented in the original unit of SRCD (mdeg).
Front-Face Fluorescence Spectroscopy Measurements.

Front-face fluorescence spectra were obtained with a luminescence
spectrometer (PerkinElmer LS50B, Waltham, MA) equipped with a
front surface accessory (PerkinElmer part no. 5212 3130), which allows
measurements of turbid samples. Fresh solution samples or emulsion
samples were poured into a quartz cell of 10 mm path length (Hellma
GmbH&Co.). The cell was thenmounted behind themounting bracket
and clamped with a plunger. The excitation wavelength was set at
290 nm. The emission fluorescence spectra were collected in the
wavelength range of 300�450 nm with a scan speed of 100 nm/min.

Excitation and emission slits were set at 10 nm. Each individual emission
spectrum was the average of three runs. All data were collected at room
temperature.
Treatment of Emulsions under High Temperatures and

Salt Addition. Emulsions were prepared as described above and were
then treated under three different conditions involving high tempera-
tures and/or salt addition. The first two treatments involved heating
aliquots of freshly prepared emulsions in a water bath at selected
temperatures (ranging from 20 to 90 �C) for 20 min. These emulsions
were then cooled to room temperature, diluted (1:5) with 10 mM
sodium phosphate buffer containing either 0 or 150mMNaCl. The third
treatment involved diluting the freshly prepared emulsions with 10 mM
sodium phosphate buffer containing 150 mM NaCl first and then
heating these diluted emulsions as described above. The final concen-
tration of NaCl in the diluted emulsion samples was 120 mM. This
concentration of 120mMNaCl was chosen because it has been shown to
provide sufficient electrostatic screening to permit droplet flocculation,
but is not excessive as to create large aggregates at room temperature
before the heating treatment.10,42,43 Once the treatments were finished,
all aliquots of emulsions were stored at 20 �C for 24 h in a temperature-
controlled room, after which their ζ-potential and droplet size were
measured.
Emulsion ζ-Potential Measurements. The ζ-potential of the

emulsions was measured using laser Doppler velocimetry (Malvern
Zetasizer Nano ZS,Worcestershire, U.K.). The emulsion samples stored
for 24 h after various treatments were diluted (2 μL in 30 mL of 10 mM
sodium phosphate buffer, pH 7) and injected into a folded capillary cell
with electrodes at either end to which a potential was applied. The cell
was placed in a cell chamber controlled at 20 �C, and the velocity of the
charged droplet movement toward the oppositely charged electrode was
measured. The ζ-potential was then calculated from the droplet velocity.
The results were reported as the average of at least three individual
measurements, and the standard deviation was given in the plot.
Emulsion Droplet Size Measurements. The droplet size of the

emulsions was measured using laser light diffraction (Malvern Master-
sizer 2000) equipped with a Hydro SM small-volume sample dispersion
unit. The emulsion samples stored for 24 h after various treatments were
dispersed in circulating buffer in the Hydro SM unit. Differential
refractive indexes of 1.079 and 1.101 were used for the hexadecane
emulsion and the tricaprylin emulsion, respectively. The emulsion droplet
size was calculated from a best fit between the measured scattering
pattern and a model scattering pattern of equivalent polydisperse
spheres (Mie theory). The volume-weighted average mean diameter
D4,3 (= ∑nidi4/∑nidi3, where ni is the number of particles with diameter
di) was reported as the average of at least three individual measurements,
and the standard deviation was given in the plot.

’RESULTS

Geometric Dimensions of β-Lg Adsorbed at the Oil�
Water Interface. Defining the geometric dimensions of the
adsorbed protein layer is important for understanding protein
structural rearrangement and assembly at oil�water interfaces
and elucidating the mechanisms of emulsion droplet stability. In
this study, DPI was used to investigate the geometric dimensions
of β-Lg adsorbed to a C18 hydrocarbon�water interface as a
model oil�water interface. A solution of β-Lg was passed over
the C18 chip surface, and the resulting TM and TE phase
changes were converted to real-time changes in mass, thickness,
and RI upon β-Lg adsorption to the C18 surface, which are
plotted in Figure 1A. There was a rapid adsorption of β-Lg onto
the C18 hydrocarbon�water interface, resulting in a protein
layer with a mass of 1.25 ng/mm2, a thickness of 1.1 nm, and a
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density of 0.98 g/cm3 (derived from a layer RI of 1.53). These
values were recorded at the end of protein adsorption to the
interface (indicated by the arrow in Figure 1A). This result shows
that β-Lg formed a thin and dense protein layer upon adsorption
to the oil�water interface. This is consistent with previous
studies on β-Lg adsorption to the air�water interface using
reflectometry measurements, which indicated the adsorbed
monolayer to be dense and 1�3 nm thick.23�25 Recent inter-
facial rheology studies also generally agree with the DPI result.
For example, Pradines et al. examined the adsorption behavior of
β-Lg at the hexane�water interface and found a significantly
decreased molar area, indicating the unfolding state of the
protein and the strong affinity to the hydrophobic surface.30

The molecular dimensions of β-Lg molecules adsorbed at hydro-
phobic surfaces measured using DPI help to expand our under-
standing of how the changes in molecular surface area observed
by Pradines et al. impact the overall structure of β-Lg at
interfaces. However, the thickness (1.1 nm) of the adsorbed
β-Lg layer obtained from our DPI experiments was less than that
(3 nm) obtained from DLS measurements,18 as DPI measured
the actual thickness of the protein layer adsorbed on top of the
hydrophobic surface rather than the hydrodynamic diameter
of the emulsion droplet reported by the DLS technique. The
subsequent dissociation phase indicated no dissociation of β-Lg
from the C18 surface (Figure 1A), suggesting a strong hydro-
phobic interaction between the protein and the C18 surface.

The dimensions of the β-Lg layer adsorbed to an unmodified
silicon oxynitride surface were also measured as a reference, and
the results are shown in Figure 1B. The positively charged β-Lg
(in 10 mM sodium phosphate buffer of pH 3) adsorbed to the
negatively charged silicon surface, causing a rapid increase in the
mass of the adsorbed layer to 1.35 ng/mm2. At the end point of
protein adsorption, physical adsorption via electrostatic attrac-
tion generated a β-Lg layer with a thickness of 3.6 nm and a layer
density of 0.37 g/cm3 (derived using a layer RI of 1.4), which is
consistent with the crystal structure of β-Lg (approximately
3.6 nm in diameter).55,56 The layer density at the silicon oxy-
nitride surface was also found to be lower than that at the C18
surface. Overall, the DPI results suggest that the protein main-
tained its native globular structure at the silicon oxynitride
surface while adsorption to the C18 surface induced the dena-
turation of β-Lg into a flat and dense structure.
Secondary and Tertiary Structures of β-Lg at the Oil�

Water Interface. The secondary structure of β-Lg adsorbed to
the tricaprylin�water interface and the hexadecane�water inter-
face was investigated using SRCD, and the resulting far-UV
spectra are shown in Figure 2A. The SRCD spectrum of β-Lg in
10 mM sodium phosphate buffer (black line) shows a single
minimum at 217 nm, a zero-crossing at 203 nm, and a maximum
at 193 nm which is characteristic of a β-sheet-rich structure. The
β-Lg solution spectrum was deconvoluted to yield 33% β-sheet
and 16% R-helix and the remaining unordered structure and is
consistent with our previous results as well as the calculated
secondary structure contents from the β-Lg crystal structure.16,55

In comparison to the solution spectrum, the spectra of β-Lg
adsorbed at both oil�water interfaces is characteristic of an
R-helical-rich structure with the appearance of double minima at
220 and 209 nm, a blue shifting of the zero crossing, and a general
increase in the dichroism signal. Moreover, the extent of these
spectral changes depends on the polarity of the oil phase, with a
larger change observed with the more nonpolar hexadecane.
Table 1 summarizes the secondary structural content of β-Lg in
solution and at different oil�water interfaces. The R-helical
content of β-Lg increased from 16% in buffer to 24% in the case
of the tricaprylin�water interface and to 50% at the hexadecane�
water interface. At the same time, the percentage of β-sheet
conformation decreased from 33% in buffer to 28% and 15% for
β-Lg adsorbed at the tricaprylin�water and hexadecane�water
interfaces, respectively.
To gain further insight into the changes in tertiary structure,

near-UV SRCD spectra of β-Lg adsorbed at the tricaprylin�water
interface and the hexadecane�water interface were also exam-
ined (Figure 2B). The native tertiary structure of β-Lg in solution
gave a distinct profile of two sharp minima at 285 and 293 nm
arising from tryptophan residues and two shallow minima at
266 and 277 nm originating from phenylalanine and tyrosine
residues. In comparison, β-Lg adsorbed at both the tricaprylin
and the hexadecane oil�water interfaces yielded broad and
shallow spectra without distinctive peaks. The results are con-
sistent with our previous SRCD study16 and suggest a loss of
nativelike environment around the aromatic residues and in turn
a lack of well-defined native tertiary structure due to adsorption-
induced protein structural change at the hydrophobic interface.
Tryptophan emission fluorescence spectroscopy in its front-

face mode was also used to further investigate the changes in the
conformation of β-Lg adsorbed at oil�water interfaces. The
fluorescence spectra of β-Lg in solution and in each emulsion are
shown in Figure 3. β-Lg in its native state in solution gave rise to a

Figure 1. Dual polarization interferometry sensorgrams of real-time
changes in the mass, thickness, and refractive index of β-Lg binding to a
C18 hydrocarbon surface (A) and a silicon oxynitride surface (B). β-Lg
was injected to the surface at 10 μL/min for 15 min (association phase),
followed by a 15 min buffer wash (dissociation phase). The arrow
indicates the time when the dissociation phase began.
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λmax at 335 nm due to the two tryptophan residues Trp19 and
Trp61, with the former buried in the hydrophobic core and the
latter partially exposed to solvent in aqueous solution. The
solvent accessibilities of Trp19 and Trp61 relative to the fully
exposed state were calculated on the β-Lg crystal structure (PDB
ID 1bsy)55 by the DSSP program57 and were 1.7% and 20.8%,
respectively. β-Lg adsorbed to both oil�water interfaces showed
a blue shift of 4.5 nm to give λmax values of 330.5 nm at the
tricaprylin�water interface and 328.5 nm (6.5 nm shift) at the
hexadecane�water interface. The blue shifting of λmax of β-Lg at
both oil�water interfaces indicates that the tryptophan residues
move to a more hydrophobic environment. It is not possible to
differentiate the relative contribution of each Trp residue to the
fluorescence change. However, given that the SRCD results
indicate a significant conformational change, these fluorescent
results suggest that this conformational change is associated with
an increase in the hydrophobic environment of the two Trp
residues. This blue shift was also previously observed upon ad-
sorption of β-Lg to a diacylglycerol�water and a triacylglycerol�
water interface.21 In comparison, urea denaturation of β-Lg in
solution showed a red shift of λmax to 353 nm originating from
the two tryptophan residues which are fully exposed to the
aqueous solvent.
Effect of Temperature on the Stability of the β-Lg Con-

formation at the Oil�Water Interface. To assess the effect of
temperature on the conformation of β-Lg, far-UV SRCD spectra
of β-Lg in solution and at both oil�water interfaces were mea-
sured at temperatures ranging from 20 to 76 �C (Figure 4).
In solution, increasing the temperature caused a gradual decrease
in the β-Lg spectral intensity and a shift in the spectral maximum
at 195 nm toward lower wavelengths, with the largest change
observed at 76 �C (Figure 4A). These changes in β-Lg SRCD
spectra indicate the heat-induced denaturation ofβ-Lg secondary
structure. In comparison, high temperatures had much less
effect on the SRCD spectra of β-Lg adsorbed at both oil�water

interfaces. In the case of β-Lg adsorbed at the tricaprylin�water
interface, the spectra remained relatively constant at tempera-
tures up to 62 �C, apart from amoderate decrease in the intensity
of the peak at 195 nm (Figure 4B). The spectra for β-Lg adsorbed
at the hexadecane�water interface remained constant at all
temperatures up to 76 �C, with little change in the double
minima region of 207 and 220 nm (Figure 4C). Thus, the
secondary structure of β-Lg was more resistant to heat treatment
at the more nonpolar hexadecane�water interface than at the
tricaprylin�water interface.
Effect of Temperature and Salt on the ζ-Potential and

Droplet size of β-Lg Oil-in-Water Emulsions. To investigate
the effect of protein conformational change on emulsion physical
stability, the ζ-potential and particle size of emulsions stabilized
by β-Lg heated to different temperatures (20�90 �C) in the
absence/presence of salt (120 mM NaCl) were characterized.
Figure 5 shows changes in the ζ-potential measured at 20 �C 24 h
after heating in the absence/presence of salt. The β-Lg-stabilized
tricaprylin-in-water emulsion had a ζ-potential of �66 ( 1 mV,
which remained constant with temperature up to 90 �C in the
absence of salt (Figure 5A). On the other hand, the ζ-potential

Figure 2. Far-UV SRCD spectra (A) and near-UV SRCD spectra (B) of β-Lg in 10 mM sodium phosphate buffer, pH 7 (black line), at the
tricaprylin�water interface (blue line), and at the hexadecane�water interface (red line). All spectra were measured at 20 �C.

Table 1. Secondary Structural Content (%) of β-Lg in
Different Environments Derived from Far-UV SRCD Spectra

R-helix β-sheet

in solution 16 33

at tricaprylin�water interface 24 28

at hexadecane�water interface 50 15

Figure 3. Tryptophan front-face fluorescence spectra of β-Lg in 10 mM
sodium phosphate buffer, pH 7 (black line), in 6 M urea/phosphate
buffer (green line), at the tricaprylin�water interface (blue line), and at
the hexadecane�water interface (red line). All spectra were measured at
20 �C.
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was strongly affected by the presence of salt, decreasing to�21(
0.6 mV (20 �C) when salt was added after heating and�24( 0.6
mV when salt was added prior to heating. This reduction in the
emulsion ζ-potential was observed at increased temperatures
irrespective of whether the salt was added before or after heating.
The hexadecane-in-water emulsion had a ζ-potential of �60 (
0.6 mV at 20 �C, which decreased to �27 ( 0.8 mV with the
addition of salt before/after heating (Figure 5B). Both types of
emulsions had no change in the ζ-potential as a function of the
temperature of heat treatment. Overall, the results show that the
emulsion ζ-potential is affected by the presence of salt, confirm-
ing that the addition of salt leads to a loss of emulsion surface
charge via electrostatic screening.
The stability of β-Lg-stabilized emulsions was further assessed

by measuring the particle size at 20 �C 24 h after heating in the
absence/presence of 120 mM NaCl. The effects of temperature
and the presence of salt on the β-Lg-stabilized tricaprylin-in-water
emulsion particle size are shown in Figure 6A. The mean particle
size (D4,3) in the absence of salt was 1.8( 0.09 μm at 20 �C and
was relatively stable against increased temperatures up to 90 �C.
Adding 120 mMNaCl after heating resulted in an increase in the

mean droplet size from 3.6( 0.2 μm at 20 �C to 10.5( 1.5 μm at
90 �C.When salt was added prior to high-temperature treatment,
a gradual increase in the mean particle size was observed from 20
to 80 �C but with a larger increase up to 28.7( 4.7 μm at 90 �C.
Figure 6B shows the mean particle size of β-Lg-stabilized

hexadecane-in-water emulsions in response to heating at differ-
ent temperatures in the absence/presence of salt (120 mM
NaCl). The untreated β-Lg hexadecane-in-water emulsion had
a mean particle size (D4,3) of 1.1 ( 0.01 μm at 20 �C, which
remained constant when heated at temperatures ranging from
30 to 90 �C in the absence of salt. When the exposure to high
temperature was followed by the addition of salt, the mean
particle size of the emulsion was still relatively stable with a slight
increase to 1.8 ( 0.05 μm when treated at 90 �C. On the other
hand, when salt was added to the emulsion prior to heating, there
was a substantial increase in the mean particle size from 2.2 (
0.03 μm at 50 �C to 26.5( 1.7 μm at 90 �C. The confocal images
of both tricaprylin-in-water and hexadecane-in-water emulsions
(see the Supporting Information) are consistent with the particle
size measurements, and the result demonstrated that the increase
in the particle size was largely due to flocculation rather than

Figure 4. Far-UV SRCD spectra showing the effect of high temperatures on the conformation of β-Lg in 10 mM sodium phosphate buffer, pH 7 (A), at
the tricaprylin�water interface (B), and at the hexadecane�water interface (C). Spectra were recorded at various temperatures: 20 �C (black line),
34 �C (red line), 48 �C (green line), 62 �C (purple line), and 76 �C (pink line).

Figure 5. Effect of high temperatures and high ionic strengths on the ζ-potentials of the β-Lg-stabilized tricaprylin oil-in-water emulsion (A) and
β-Lg-stabilized hexadecane oil-in-water emulsion (B). Note that “heating + 0 mM NaCl” indicates no salt addition after heating, “heating + 120 mM
NaCl” indicates salt addition after heating, and “120 mM NaCl + heating” indicates salt addition before heating.
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coalescence. However, it is hard to entirely exclude the coales-
cence destabilization from the confocal images as they only
represent a fraction of the emulsion samples, in particular when
emulsions were heated to high temperatures in the presence of
120 mM NaCl.

’DISCUSSION

The structural properties of the protein layer adsorbed at
oil�water interfaces in emulsions have long been recognized as a
major factor controlling the colloidal stability and the quality of
emulsion-based products.8,9 It is necessary, therefore, to char-
acterize the structures of adsorbed proteins, which are thought to
be largely different from the solution structures of proteins due to
the hydrophobic environment of oil�water interfaces. In the
current study, we have examined the structural rearrangement of
β-Lg at two different oil�water interfaces and the effect of these
structural changes on emulsion stability. Specifically, we have
used a combination of DPI, SRCD, and front-face fluorescence
spectroscopy to measure, in situ, the dimensions and the con-
formation of β-Lg adsorbed at oil�water interfaces in emulsions.
The impact of these structural changes on emulsion stability
was then determined through measurements of the emulsion
ζ-potential and particle size.

The geometric dimensions, in terms of the thickness and
density of β-Lg adsorbed to an oil�water interface, were deter-
mined using DPI. β-Lg adsorbed onto the silicon oxynitride
surface had a layer thickness of 3.6 nm of moderate density
(0.37 g/cm3) (Figure 1B), which agrees with the crystal structure
dimensions reported (approximately 3.6 nm in diameter).55,56

This result suggests that the β-Lg tertiary structure remained
intact upon adsorption to this surface. In contrast, adsorption of
β-Lg to the C18 surface yielded a denser (0.98 g/cm3) protein
layer with a thickness of 1.1 nm (Figure 1A). Thus, β-Lg
undergoes a significant change from a native globular shape to
an open flat structure at the hydrocarbon surface, forming a dense
protein layer.

The DPI results are consistent with the conformational
change of β-Lg at oil�water interfaces measured using SRCD

and front-face fluorescence spectroscopy. The near-UV SRCD
results show that adsorption of β-Lg to oil�water interfaces
induces protein unfolding with a loss of the globular tertiary
structure (Figure 2B), which was confirmed by fluorescence
measurements (Figure 3). This change in conformation was
associated with a large change in the secondary structure of β-Lg
adsorbed at both oil�water interfaces, resulting in a significant
increase in R-helical structure and some loss of β-sheet structure
(Figure 2A). Thus, adsorption of the protein at the hydrophobic
interface leads to the unfolding of the tertiary structure, and the
native β-sheet structure converts to an R-helical structure. This
interconversion essentially allows the reorientation of nonpolar
side chains toward the hydrophobic oil phase and enhances the
interaction with the hydrophobic interface. This modified bound
conformation was also significantly stabilized at the surface since
this secondary structure was highly resistant to thermal denatura-
tion (Figure 4).

The effect of the oil phase polarity on the β-Lg structural
change at the interface, and in turn on emulsion stability, was also
evaluated. Of the two oil phases investigated (hexadecane and
tricaprylin), hexadecane is the least polar because of its n-alkane
structure and lack of a polar glycerol headgroup. The difference
in oil phase polarity had a distinct impact on the β-Lg conforma-
tion. The degree of β-Lg conformational rearrangement at the
hexadecane�water interface was more than 3.5 times larger than
that at the tricaprylin�water interface. This considerable impact of
the oil phase polarity on the degree of structural change indicates
that solvation in the oil phase plays a key role in determining the
preferred conformation of the protein. In fact, adsorption of β-Lg
to either oil�water interface considerably increases its resistance
to thermal unfolding. In solution the balance between the folded
and unfolded states is governed by a number of interactions,
including hydrogen bonding, ion pair, van derWaals, hydrophobic,
and configurational entropy.58�60 The two dominant forces are
the hydrophobic effect (the energy penalty associated with ex-
posing buried hydrophobic residues as a result of unfolding) and
configurational entropy.58�60 Since the main thermodynamic
driving force for protein adsorption at the oil�water interface
is the reorientation of nonpolar side chains toward the

Figure 6. Effect of high temperatures and high ionic strengths on themean particle diameterD4,3 of the β-Lg-stabilized tricaprylin oil-in-water emulsion
(A) and β-Lg-stabilized hexadecane oil-in-water emulsion (B). Note that “heating + 0 mM NaCl” indicates no salt addition after heating, “heating +
120 mM NaCl” indicates salt addition after heating, and “120 mM NaCl + heating” indicates salt addition before heating.
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hydrophobic oil phase, it is clear that the non-native R-helical
structure plays an important role in the free energy of the protein.
The interaction between the hydrophobic residues of the protein
and the oil phase stabilizes the protein structure and increases its
resistance to thermal denaturation (Figure 4). Moreover, β-Lg
adsorbed at the hexadecane�water interface was more stable to
heating than at the tricaprylin�water interface (Figure 4B,C).
This tends to suggest that there is a more favorable interaction
between β-Lg and the hexadecane oil phase than with the tri-
caprin oil phase.

The question now remains as to the influence that the changes
in the β-Lg structure upon adsorption have on emulsion colloidal
stability, which was investigated by heating the emulsions in the
absence or presence of salt. Three stress conditions were utilized,
namely, (i) heating in the absence of salt, (ii) adding salt
(120 mM NaCl) to an emulsion which has been heated in the
absence of salt, (iii) heating in the presence of salt (120 mM
NaCl). Measurements of the emulsion ζ-potential and particle
size were conducted in each case to assess physical stability.
When the two β-Lg-stabilized emulsions were heated in the
absence of salt, there was no change in the measured ζ-potential
or particle size, which is consistent with previous studies.5,10,34,42

These emulsions were thus stable to heat-induced aggregation
because their high surface charge (�66( 1mV for the tricaprylin-
in-water emulsions and �60 ( 0.6 mV for the hexadecane-in-
water emulsions) provides strong electrostatic repulsion. In
general, once an emulsion droplet has a ζ-potential larger than
(30 mV, the net colloidal interaction energy is sufficient to
overcome the thermal energy of the emulsion droplets. Com-
pared to the ζ-potential of β-Lg in solution, which was measured
to be �21 ( 1.7 mV, these results indicate that the structural
change from a compact β-sheet structure to a partially extended
R-helical layer at the oil�water interface exposes a net increase in
negatively charged amino acids to the aqueous phase. This ne-
gatively charged protein layer stabilizes the emulsion through
electrostatic repulsion between the droplets. Thus, adsorption of
β-Lg at the oil�water interface imparts a significant structural
stability to the emulsion droplets by preventing flocculation
under thermal stress via electrostatic repulsions.

When salt was added to each emulsion after the heat treat-
ment, the ζ-potential was reduced due to electrostatic screening.
However, the effect on the emulsion particle size was different
depending on the oil phase. Adding salt after heating did not
affect the particle size of the hexadecane-in-water emulsion, but re-
sulted in a moderate increase in the particle size of the tricaprylin-
in-water emulsion. This difference in emulsion stability arises
because the two emulsions have different net colloidal interaction
energies, possibly as a result of the difference in the β-Lg con-
formation at each interface. The colloidal stability of β-Lg-
stabilized emulsions is primarily governed by the balance be-
tween van der Waals attractive forces and electrostatic repulsive
forces.4,10,45 Of the two emulsions studied, the hexadecane-in-
water emulsion (�27( 0.8 mV) has a slightly higher ζ-potential
compared to the tricaprylin-in-water emulsion (�21( 0.6 mV),
probably as a result of the more helical conformation adopted by
β-Lg. Furthermore, it is likely that the van der Waals attractions
of the hexadecane-in-water emulsion are weaker than those of the
tricaprylin-in-water emulsion. The strength of van der Waals
attractions is in part a function of the difference in the RI of the oil
and water phases.61,62 Hexadecane has an RI of 1.435 and
tricaprylin an RI of 1.449, and hence, there is a smaller difference
in RI between hexadecane and water (ΔRI = 0.102) in the

emulsion compared to tricaprylin and water (ΔRI = 0.116). The
combination of stronger electrostatic repulsion and weaker van
der Waals attractions makes the hexadecane-in-water emulsion
more stable to salt addition after heating.

Finally, when salt was added to each emulsion before heating,
the combined effect of electrostatic screening and high thermal
energy resulted in a significant increase in the particle size of both
emulsions at high temperatures (Figure 6). The results are once
again consistent with previous studies showing the emulsion
instability under both heating and salt presence.5,10,34,42 The
emulsions become unstable because the presence of salt reduces
the surface charge and permits the droplets to be in close contact,
as seen in flocculation at room temperature. Heating then causes
further emulsion flocculation due to interdroplet protein�pro-
tein interactions. Especially in the case of β-Lg, disulfide inter-
change between the free cysteine residue and disulfide bonds can
result in intermolecular and hence interdroplet bridges. Compar-
ison of the two different emulsions reveals that the tricaprylin-
in-water emulsion starts to undergo flocculation at a lower tem-
perature than the hexadecane-in-water emulsion. Moreover, the
changes in particle diameter between 40 and 80 �C follow a dif-
ferent trend for the two oil-in-water emulsions. However, there
was little difference in the final particle diameter at 90 �C. One
possible explanation for the differences between 40 and 80 �C is
that the surface charge of the hexadecane-in-water emulsion
(�27mV) corresponds to that of a stable colloid (>�30mV). As
the treatment temperature is increased, the droplets gain thermal
energy, the electrostatic repulsion is no longer larger than the

Figure 7. (A) Schematic representation of β-Lg structural rearrange-
ment upon adsorption to the oil�water interface. (B) Influence of high
temperatures and high ionic strengths on emulsion droplet stability
against flocculation. Emulsions were treated as follows: (1) heated alone;
(2) heated at high temperatures and then salt added; (3) salt added and
then heated at high temperatures.
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van der Waals attractions, and the droplets flocculate. Finally, once
the emulsions are heated, small conformational changes as
detected by SRCD (i.e., the systematic decrease in the helical
content) decrease the net colloidal repulsion and the droplets
flocculate.

In summary, we have measured the globular protein structural
rearrangement upon adsorption to oil�water interfaces (Figure 7A).
Under homogenizing conditions, β-Lg adsorbs to oil�water
interfaces and changes from a globular structure rich in β-sheet
into an open flat structure with a large amount of non-native
R-helix. This structural change establishes the interaction be-
tween the protein hydrophobic region and the oil phase and also
exposes the negatively charged protein region to the aqueous
phase. Overall this results in a thin, dense protein layer, which is
highly negatively charged at the droplet surface. This emulsion is
then resistant to flocculation at high temperatures (Figure 7B1),
but once exposed to salt, the electrostatic repulsion between the
droplets is reduced and different flocculation and/or coalescence
may occur as discussed above (Figure 7B2,3). Our study now
provides a more detailed molecular explanation for protein-
stabilized emulsion colloidal stability and enhances our under-
standing of the mechanism of protein denaturation at oil�water
interfaces.

’CONCLUSION

In this study, the conformation and structural dimensions of
β-Lg at oil�water interfaces in emulsions were characterized
using a combination of SRCD, front-face fluorescence spectros-
copy, and DPI biosensing techniques. The impact of these struc-
tural changes on the emulsion stability was then assessed via
changes in the particle size and ζ-potential. Upon adsorption to
the oil�water interface, β-Lg, a well-defined globular protein rich
in β-sheet structure, converts to a conformation containing a
large amount of non-native R-helix and opens to form a thin
dense protein layer around the emulsion droplet surface. This
resultant negatively charged protein layer prevents droplet inter-
actions even under high thermal energy conditions via electro-
static repulsion. β-Lg-stabilized emulsions become unstable in
the presence of salt because of the reduction in electrostatic
repulsion. Heating then causes further emulsion flocculation due
to interdroplet protein�protein interactions. Previously it has
been widely suggested that β-Lg emulsion thermal instability was
in part a result of protein surface denaturation as the temperature
passed through the solution denaturation temperature.4,10,11

What our new SRCD results indicate is that most of the change
in β-Lg conformation occurs as a result of emulsion formation
and that there is only a minor change in protein structure as the
emulsions are heated past the solution denaturation temperature,
where cysteine residues become capable of disulfide interchange.
Overall, this study significantly improves our current under-
standing of interface-mediated protein denaturation mechanisms
and reveals a molecular detail not hitherto possible, the impor-
tance of protein structural change and the oil phase polarity on
the physical stability of β-Lg-stabilized emulsions.

’ASSOCIATED CONTENT

bS Supporting Information. Confocal images of β-Lg emul-
sion under a few representative conditions after the treatment of
heating and salt addition. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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Appendix 3.1: Supporting Information  

 

Emulsion visualization by confocal microscopy 

The β-Lg-stabilized emulsions after the treatment of heating and/or salt addition were 

examined using a Leica SP5 Confocal Laser Scanning Microscope equipped with an argon ion 

laser (Leica Microsystems, Wetzlar, Germany). One drop of florescence dye Nile Red (0.025% 

dissolved in 0.1% dimethyl sulfoxide/99.9% ethanol) was added to the emulsion sample (1 mL) 

which was gently mixed by inversion. The sample was then observed under the microscope and the 

images were exported in a scale of 25 µm. 
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Figure S1: Confocal images of β-Lg-stabilized tricaprylin-in-water emulsions 24 h after the treatment 

of (A) 20 °C + 0 mM NaCl; (B) 90 °C + 0 mM NaCl; (C) 20 °C + 120 mM NaCl; (D) 120 mM NaCl + 90 °C; 
(E) 90 °C + 120 mM NaCl. 
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Figure S2: Confocal images of β-Lg-stabilized hexadecane-in-water emulsions 24 h after the treatment 
of (A) 20 °C + 0 mM NaCl; (B) 90 °C + 0 mM NaCl; (C) 20 °C + 120 mM NaCl; (D) 120 mM NaCl + 90 °C; 

(E) 90 °C + 120 mM NaCl. 

 



76 

 

 

 

 

Chapter 4 

Conformational changes of α-lactalbumin adsorbed at oil-

water interfaces: Interplay between protein structure and 

emulsion stability 

 

 

 
A schematic representation of dual polarization interferometry 
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Abstract 

The conformation and structural dimensions of α-lactalbumin (α-La) both in solution and 

adsorbed at oil-water interfaces of emulsions were investigated using synchrotron radiation circular 

dichroism (SRCD) spectroscopy, front-face tryptophan fluorescence (FFTF) spectroscopy and dual 

polarization interferometry (DPI). The near-UV SRCD and the FFTF results demonstrated that the 

hydrophobic environment of the aromatic residues located in the hydrophobic core of native α-La 

was significantly altered upon adsorption, indicating the unfolding of the hydrophobic core of α-La 

upon adsorption. The far-UV SRCD results showed that adsorption of α-La at oil-water interfaces 

created a new non-native secondary structure that was more stable to thermally-induced 

conformational changes. Specifically, the α-helical conformation increased from 29.9% in solution 

to 45.8% at the tricaprylin-water interface and to 58.5% at the hexadecane-water interface. 

However, the β-sheet structure decreased from 18.0% in solution to less than 10% at both oil-water 

interfaces. The DPI study showed that adsorption of α-La to a hydrophobic C18-water surface 

caused a change in the dimensions of α-La from the native globule-like particle (2.5-3.7 nm) to a 

thin flat layer approximately 1.1 nm thick. Analysis of the colloidal stability of α-La-stabilized 

emulsions showed that these emulsions were physically stable against droplet flocculation at 

elevated temperatures both in the absence and presence of 120 mM NaCl. In the absence of salt, the 

thermal stability of emulsions was due to the strong electrostatic repulsion provided by the 

adsorbed α-La layer, which was formed after the adsorption and structural rearrangement. In the 

presence of salt, although the electrostatic repulsion was reduced via electrostatic screening, 

heating did not induce strong and permanent droplet flocculation. The thermal stability of α-La-

stabilized emulsions in the presence of salt is a combined effect of the electrostatic repulsion and 

the lack of covalent disulfide interchange reactions. This study reported how the interfacial 

structure of α-La adsorbed at oil-water interfaces played an active role in controlling the physical 

stability of α-La-stabilized oil-in-water emulsions under heating and moderate ionic strength (120 

mM NaCl) conditions. 
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Introduction 

Many studies in the food emulsion field have focused on investigating the physical stability 

of protein-stabilized emulsions.
1-6

 Proteins are surface active molecules and are commonly used as 

emulsifying agents in the food industry.
5, 7-11

 Proteins stabilize oil-in-water emulsions by adsorbing 

at the oil-water interface, forming a protein layer around the droplet surface that provides 

electrostatic and/or steric repulsive forces between emulsion droplets.
2, 5, 11-13

 The physical stability 

of protein-stabilized emulsions is governed by the balance between van der Waals attractive forces 

and electrostatic and/or steric repulsive forces. The type of stabilization mechanism in a protein-

stabilized emulsion depends on the interfacial structure of the protein layer at the droplet surface. 

For example, emulsions stabilized by flexible proteins or protein-polysaccharide conjugates are 

more stable against flocculation in the presence of salt due to the protrusion of long segments into 

the aqueous phase, which provides excellent steric repulsion between the droplets.
5, 6, 12, 14

 In 

contrast, emulsions stabilized by globular proteins have thin interfacial layers and hence are prone 

to flocculation in the presence of salt because they only have electrostatic repulsion between the 

droplets, which can be easily screened.
3-5, 12

  

Compared to our knowledge on the physical stability of protein-stabilized emulsions, the 

understanding of the structure of proteins adsorbed at oil-water interfaces of emulsions remains 

poor.
10, 13, 15-17

 Previous studies using Fourier transform infrared (FTIR) spectroscopy have given 

some limited information on the change in secondary structure of globular proteins such as β-

lactoglobulin (β-Lg), bovine serum albumin (BSA) and α-lactalbumin (α-La) upon adsorption at 

oil-water interfaces of model emulsions.
18-22

 However, the complexity of FTIR spectra arising from 

the overlapping peaks of the secondary structure of proteins can affect the accuracy of the results in 

terms of the structural change upon adsorption. For example, three FTIR studies have demonstrated 

that the β-sheet structure of β-Lg underwent changes upon protein adsorption to oil-water 

interfaces; however changes in other secondary structures such as the α-helix were not reported, 

most likely due to the difficulties associated with deconvolution of the FTIR spectra. Front-face 

tryptophan fluorescence (FFTF) spectroscopy studies on globular proteins adsorbed at oil-water 

interfaces have demonstrated changes in the maximum emission wavelengths of tryptophan 

residues in proteins upon adsorption, suggesting the unfolding of the globular structure of 

proteins.
23-25

 Neutron reflectometry
26-31

 studies on proteins adsorbed at planar hydrophobic surfaces 

and dynamic light scattering studies on proteins adsorbed at surfaces of model emulsions 

containing latex or silica beads
32-34

  have given some information on the thickness and density 

distribution of the adsorbed protein layers. These studies have advanced our understanding of the 

adsorption-induced structural change of proteins by showing that proteins change their structure 

and form an interfacial layer at the droplet surfaces with a certain thickness and density distribution 



80 

 

profile. However, the molecular conformation, in particular at the secondary and tertiary structure 

level, of proteins adsorbed at oil-water interfaces has yet to be clearly elucidated.  

We have recently employed two biophysical methods, i.e. synchrotron radiation circular 

dichroism (SRCD) spectroscopy and dual polarization interferometry (DPI) to study the 

conformation and geometric dimensions of β-Lg adsorbed at oil-water interfaces of emulsions.
35, 36

 

The SRCD method measured the conformation of β-Lg at oil-water interfaces in freshly made 

emulsions without further sample preparation and allowed the secondary and tertiary structure of β-

Lg adsorbed at oil-water interfaces to be characterized. The DPI method was used to measure the 

thickness and density of the protein layer adsorbed at solid-water interfaces containing different 

hydrophobic properties. The results showed that β-Lg, a well-defined globular protein rich in β-

sheet structure in solution, unfolded to form a thin dense layer around the droplet surface and 

converted to a conformation with α-helical-rich and heat-resistant characteristics.  

To extend our knowledge on protein structural behaviour upon adsorption at oil-water 

interfaces, the biophysical methods in the β-Lg study can be employed to study a wider range of 

proteins. α-La, a major component of whey protein isolates derived from milk, is also an important 

protein for providing emulsion colloidal stability. While the structure of α-La in solution has been 

well characterized,
37

 its structure at oil-water interfaces and ability to stabilize emulsions has not 

been extensively studied. α-La is similar to β-Lg in that they are both small globular proteins with a 

large amount of ordered secondary structure. X-ray crystallographic studies reveal that α-La is a 

protein with one large domain of three α-helices and one sub-domain of three small anti-parallel β-

sheets, which are connected by a calcium binding loop.
38, 39

 However, unlike β-Lg which has two 

disulfide bonds and one free thiol group, α-La contains four disulfide bonds and does not contain a 

free thiol group. Moreover, α-La contains more α-helical structure than β-Lg. Heating α-La in 

solution induces a conformational transition at a lower temperature (~66 °C) than β-Lg (~73 °C).
40-

42
 However, in contrast to β-Lg, heating α-La results in very little protein polymerization and 

aggregation due to the lack of the free thiol in α-La.
40-42

  

An important feature of α-La is its ability to adopt the molten globule state under various 

conditions such as at low pHs, high temperatures, at moderate concentration of denaturant or in its 

Apo (non-calcium bound) form.
43-46

 The molten globule state of a globular protein is an 

intermediate or ensemble of physical states on the folding pathway and is defined as containing 

native-like secondary structure but no stabilized tertiary structure.
43, 44

  With limited understanding 

of the structure of proteins adsorbed at oil-water interfaces in the past decades, it was proposed that 

the concept of the molten globule state might be applied to describe proteins adsorbed at oil-water 

interfaces.
44

 Moreover, it was suggested that α-La, in its molten globule state, resulted in improved 

surface activities.
47, 48

 For example, under conditions which were considered to induce a molten 
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globule structure, α-La reduced the surface tension of the air-water interface and the n-tetradecane-

water interface more rapidly than in its native state.
47, 48

 The putative molten globule form of α-La 

has also been shown to displace β-Lg adsorbed at oil-water interfaces whereas no such ability was 

observed for native α-La.
49

 This enhanced surface activity of α-La is attributable to the increased 

exposure of the hydrophobic groups and increased molecular flexibility.
47, 48

 Although the concept 

of the molten globule structure of α-La provided a mechanism to explain enhanced surface activity, 

none of these studies unequivocally confirmed the presence of molten globule structures of α-La 

once it was adsorbed at oil-water interfaces. Moreover, an FTIR study showed that the adsorption 

of α-La to oil-water interfaces induced a decrease in α-helix and an increase in β-sheet structure,
19

 

which was inconsistent with a native-like molten globule structure.  

To understand the geometric dimensions and conformation of α-La adsorbed at oil-water 

interfaces and the potential role of the molten globule state, direct measurements of the secondary 

and tertiary structure are thus required. Moreover, although it is hypothesized that the mechanism 

by which α-La stabilizes emulsions is similar to other globular proteins, the physical stability of 

emulsions stabilized by α-La alone has not been studied in detail. In this study, DPI, SRCD and 

FFTF methods were used to investigate the geometric dimensions and conformation of α-La 

adsorbed at oil-water interfaces. The ζ-potential and the particle size of α-La-stabilized emulsions 

under the conditions of heating and salt addition were also examined. Moreover, the effect of oil 

polarity on protein structure at oil-water interfaces and the physical stability of emulsions was 

investigated using two model oils, i.e. n-hexadecane (more non-polar) and tricaprylin (more polar). 

This study aimed to broaden our understanding of how the structure of α-La adsorbed at oil-water 

interfaces can be related to its function of controlling emulsion physical stability. 
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Materials and Methods 

Materials 

α-La (Type 1, calcium-bound, ≥85% α-La PAGE) was purchased from Sigma-Aldrich 

Company (St Louis, MO) and used without further preparation. Sodium chloride (NaCl), sodium 

phosphate (monobasic and dibasic), n-hexadecane, tricaprylin (glyceryl trioctanoate, >99%), 

glycerol, urea and sodium dodecyl sulphate (SDS) were purchased from Sigma-Aldrich Company 

(St Louis, MO). All chemicals and solvents were of analytical grade. The ultrapure water was 

prepared by a Purelab Ultra Genetic purification system (ELGA LabWater) and used for all 

experiments. 

DPI measurements 

The geometric dimensions of α-La adsorbed at model hydrophobic interfaces was 

determined by measuring the thickness and refractive index (RI) of the α-La layer adsorbed at a 

C18 hydrocarbon AnaChip immobilized on an Analight Bio2000 DPI instrument (Farfield Group, 

UK). The detailed instrumental set-up and calibration procedure using 80% (w/w) EtOH have been 

previously described.
36

 The C18 hydrocarbon chip surface with bulk buffer flowing over the top 

served as a model planar oil-water interface for protein adsorption studies. Freshly prepared 10 µM 

α-La solution in 10 mM sodium phosphate buffer pH 7 was injected for adsorption at a flow rate of 

10 µL/min for 15 min and followed by a dissociation phase with the buffer flowing over the surface 

of the adsorbed layer for another 15 min. In comparison, a reference study was also performed by 

adsorbing α-La to a hydrophilic silicon oxynitride Anachip (Farfield Group, UK). α-La was 

injected over the silicon Anachip in a similar experimental condition as in the C18 Anachip study 

except that a higher concentration (100 µM) and a lower pH buffer (10 mM sodium phosphate, pH 

3) were used. This was to ensure that the positively charged α-La at pH 3 adsorbed to the 

hydrophilic silicon chip via  weak polar interactions between the protein surface and the silicon 

surface, rather than the strong hydrophobic force encountered in the C18 surface. The conversion 

of transverse magnetic (TM) and transverse electric (TE) data into layer mass, thickness, RI and 

density  used the mathematical model as previously described.
36

  

Emulsion preparation and centrifugation assay 

α-La-stabilized emulsions (0.3% w/w) containing 20% (v/v) hexadecane or tricaprylin 

were used for the study. The emulsions were prepared following the method previously described.
36

 

Briefly, the oil phase was added to protein solution by weight. The mixture was then blended using 

an Ultra-turrax rotor stator homogenizer at 8000 rpm for 2 min and then passed through an Avestin 

C5 high-pressure valve homogenizer twice at approximately 700 bar. All emulsions used for SRCD 
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and fluorescence studies were freshly prepared on site at the ASTRID-synchrotron where the CD1 

beam line is located (Institute for Storage Ring Facilities, Aarhus University, Denmark) and 

experiments were performed within 24 h of preparation. 

To determine the amount of α-La adsorbed at the oil-water interface, emulsions were 

centrifuged in 30 kDa centrifuge tubes (Pall, Port Washington, NY) at 11600 × g for 15 min. The 

concentration of the protein in the aqueous phase (subnatant) was obtained by measuring 

absorbance at 280 nm and using an extinction coefficient of 2.01 mLmg
-1

cm
-1

.
50

 The amount of 

protein adsorbed at oil-water interfaces of emulsions was then estimated from the specific surface 

area of the emulsion droplets as previously described and reported as the surface coverage.
35

 An 

average of 12 aliquots of each emulsion sample was reported.  

Front-face tryptophan fluorescence (FFTF) measurements 

FFTF spectra of fresh α-La solution and emulsions were obtained with a Luminescence 

Spectrometer (PerkinElmer LS50B, Massachusetts) in its front face mode, using the methods 

previously described.
36

 The excitation wavelength was set at 290 nm and the emission spectra were 

collected in the range of 300 nm to 450 nm with a scanning speed of 100 nm/min. Excitation and 

emission slit widths were set at 10 nm. Each individual emission spectrum was the average of three 

runs. All data were collected at room temperature, ~ 20 °C. 

SRCD measurements and data analysis 

All far-UV and near-UV SRCD measurements of α-La in solution and in emulsions were 

performed on the CD1 beam line of the SRCD station at the ASTRID storage ring.
51, 52

 The 

operating conditions and the data analysis followed the method previously described.
36

 Suprasil 

cells (Hellma GmbH & Co., Germany) with 0.01 cm and 0.5 cm path lengths were used for the far-

UV and the near-UV SRCD measurements respectively. The operating conditions were: 1 nm 

bandwidth, 2.15 s averaging time, 3 scans for a solution sample and 8 scans for an emulsion 

sample. An SDS-stabilized emulsion was used as a baseline to correct for the light scattering 

background of the emulsion spectra as previously described.
36

 The thermal stability study of the 

secondary structure of α-La in solution and in emulsions was carried out by heating in situ in a 

temperature-controlled chamber of the SRCD instrument. A mean residue weight of 115 for α-La 

was used to convert the unit of milli-degrees in SRCD to the standard unit of mean residue 

ellipticity [θ]. The secondary structural content was calculated using the SELCON3 method
53

 and 

the reference set SP175 in DICHROWEB
54

 as previously described.
36
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Treatment of emulsions under high temperatures and salt addition 

α-La-stabilized emulsions were prepared as described above and were then treated under 

three different conditions involving high temperatures and/or salt addition. The experimental 

procedures used were similar to those previously described for the study of β-Lg-stabilized 

emulsions.
36

 Briefly, the first condition involved heating the freshly made emulsions in the absence 

of NaCl from 20 °C to 90 °C for 20 min. The second condition involved heating the freshly made 

emulsions in the presence of NaCl (120 mM). The third condition involved firstly heating the 

emulsions in the absence of NaCl and then adding 120 mM NaCl to the emulsions after cooling to 

room temperature. The ζ-potential and particle size measurements were taken after 24 h storage.  

Measurements of the ζ-potential and average particle size of α-La-stabilized emulsions 

The ζ-potential of emulsions was measured using laser doppler velocimetry (Malvern 

Zetasizer Nano ZS, Worcestershire, UK). The emulsion samples stored for 24 h after various 

treatments were diluted (2 µL in 30 mL of the corresponding buffer, 10 mM sodium phosphate 

buffer, pH 7, with 0 mM or 120 mM NaCl) and injected into a folded capillary cell with electrodes 

for measurements. The ζ-potential was calculated from the direction and velocity of the droplet 

movement when subjected to an alternating electric field. 

The average particle size of the emulsions was measured using laser light diffraction 

(Malvern Mastersizer 2000, Worcestershire, U.K.) equipped with a Hydro SM small volume 

sample dispersion unit. The emulsion samples were dispersed in buffer (same composition as test 

conditions) circulating in the Hydro SM unit and the average particle size was calculated from a 

best fit between the measured scattering pattern and a model scattering pattern of equivalent 

polydisperse spheres (Mie theory). The volume-weighted average mean diameter D4,3 

(=Σnidi4/Σnidi3, where ni is the number of particles with diameter di) was reported. All 

measurements of the ζ-potential and particle size were an average of at least three individual 

samples and the standard deviations are included in Figure 5 and 6 respectively. Detailed 

experimental procedures and operating conditions were previously described.
36
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Results 

Geometric dimensions of α-La adsorbed at hydrophobic and hydrophilic surfaces 

A DPI biosensor equipped with chips containing different surface properties was used to 

investigate the geometric dimensions of α-La adsorbed at planar solid-water interfaces. Freshly 

prepared α-La solution was passed over either a hydrophobic C18 surface or a hydrophilic silicon 

oxynitride surface and the resulting sensorgrams showed real-time changes in the thickness, RI, 

and mass of the adsorbed layer of α-La (Figure 1). The adsorption of α-La to the hydrophobic C18 

surface revealed a strong interaction between the surface and protein with the adsorbed protein 

layer achieving a mass of 1.2 ng/mm
2
 (= mg/m

2
) at the end of the 15 min association time and 

remained at the same value during the following 15 min of the dissociation phase (Figure 1A).  The 

thickness and the density, which were derived from the RI value, of the adsorbed layer at the end of 

the association phase were determined to be 1.1 nm and 1.1 g/cm
3 

respectively. This geometric 

property of α-La adsorbed at the C18 hydrocarbon-water interface was very similar to that of β-Lg 

adsorbed at the same surface.
36

 Together the results indicate that a strong hydrophobic attraction 

exists during the adsorption of globular proteins to this particular planar hydrocarbon-water 

interface and results in a thin dense protein layer at the surface. 

In the reference study where α-La was passed over the hydrophilic silicon oxynitride 

surface at a lower pH and a higher concentration, a very different layer of α-La was observed 

(Figure 1B). A maximum mass of only 0.55 ng/mm
2
 (= mg/m

2
) was found during the association 

phase (at 11 min) and from that point onward, the mass steadily decreased and levelled out at 0.3 

ng/mm
2 

(= mg/m
2
) at the end of the dissociation phase. The adsorption also resulted in a much 

lower density of the adsorbed α-La layer at the silicon surface (0.18 g/cm
3 
at the end of association) 

compared to the C18 surface (1.1 g/cm
3
)

 
as revealed by the RI values. The real-time changes in 

thickness provided further information on the dimension of the α-La layer adsorbed at the silicon 

surface. Specifically, the thickness varied from 2.3 nm to 3.2 nm during the association phase 

which is relatively consistent with the crystal structure of α-La (2.5 nm × 3.2 nm × 3.7 nm).
38, 55

 In 

the dissociation phase, the thickness was found to be generally lower than the association phase as 

more and more weakly adsorbed α-La was washed off the surface, which influenced the average 

thickness value across the whole chip surface. The results demonstrated that the positively charged 

α-La at pH 3 was adsorbed at the hydrophilic silicon oxynitride surface via weak polar interactions, 

so that it was in a relatively native state compared to the structure on the C18 surface.  

Tertiary structure of α-La adsorbed at oil-water interfaces 

The conformation of α-La adsorbed at oil-water interfaces of emulsions was investigated 

by FFTF spectroscopy and SRCD spectroscopy. Prior to these measurements, it was necessary to 
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create emulsions where most of the α-La in the emulsions was adsorbed at the interface rather than 

remaining in the bulk solution. To confirm this, the protein remaining in the bulk solution was 

measured using the centrifugation assay. The results indicated that compared to the initial protein 

concentration (3 mg/mL) used to make the emulsion, less than 0.027 ± 0.005 mg/mL of α-La 

remained in the bulk solution of the hexadecane-in-water emulsion and even less (0.015 ± 0.008 

mg/mL) was found in the bulk solution of the tricaprylin-in-water emulsion. A calculated surface 

coverage (Γ) of 0.87 mg/m
2
 and 1.01 mg/m

2
 was found for the hexadecane-in-water and the 

tricaprylin-in-water emulsions respectively. Compared to previous reports, these values indicated 

that an expanded monolayer of α-La was formed at oil-water interfaces of emulsions in this 

study.
56, 57

  

FFTF spectroscopy was used to probe changes in the environment of the Trp residues of α-

La. Figure 2 shows the fluorescence spectra of α-La in solution and at two oil-water interfaces 

(tricaprylin-water and hexadecane-water). In its native state, α-La gave rise to a λmax at 328.5 nm, 

which was attributable to the deeply buried four Trp residues (W26, W60, W104, W118) in α-La 

and was consistent with previous studies.
47, 48, 58

 Dissolving α-La in 6 M urea caused a red shift 

(21.5 nm) in λmax to 350 nm, indicating the exposure of Trp residues to a more aqueous 

environment and the unfolding of the protein. Adsorption of α-La to oil-water interfaces resulted in 

a 6.5 nm red shift of λmax to 335 nm at the tricaprylin-water interface and a 12 nm red shift to 340.5 

nm at the hexadecane-water interface respectively. These results demonstrated the movement of the 

four Trp residues to a more hydrophilic environment when α-La adsorbed at oil-water interfaces, 

suggesting a perturbation in the native tertiary structure. Moreover, the red-shift of λmax was larger 

for α-La adsorbed at the hexadecane-water interface than at the tricaprylin-water interface, 

indicating that the more hydrophobic oil induced a larger conformational change.  

Further information on the tertiary structure of α-La adsorbed at the two oil-water 

interfaces was obtained using near-UV SRCD spectroscopy (Figure 3A). α-La is a globular protein 

with a well-defined tertiary structure. The near-UV CD spectrum for α-La in solution exhibited  a 

deep broad minimum in the region of 260-290 nm, which arose from tyrosine residues and 

disulfide bonds, and a small peak at 295 nm arising from Trp residues. This near-UV SRCD 

spectrum of α-La in solution was consistent with many previous studies.
45, 47-49, 59

 In the emulsion 

samples, the broad absorption bands were totally lost and inverted to be slightly positive in the 

region of 260-300 nm, suggesting unfolding/loss of the globular structure of α-La upon adsorption 

to both the hexadecane-water and the tricaprylin-water interfaces. The near-UV spectra of α-La at 

oil-water interfaces were also very similar to that previously obtained for the pH 2-induced molten 

globule state of α-La, which was in an unfolded state, i.e. loss of globular tertiary structure in 

solution.
45, 49, 59
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Secondary structure of α-La adsorbed at oil-water interfaces and its stability against 

heating 

The secondary structure of α-La adsorbed at the tricaprylin-water interface and the 

hexadecane-water interface was measured using far-UV SRCD spectroscopy. Figure 3B shows that 

in 10 mM sodium phosphate buffer, the far-UV SRCD spectrum for α-La in solution contained 

double minima at 208 nm and 222 nm and a peak at 188 nm, which was characteristic of α-helical-

containing secondary structure. The quantitative analysis of secondary structural content yielded 

29.9% α-helix and 18.0% β-sheet. Although the secondary structure content arising from SRCD 

data were found to be different from those determined from the α-La crystal structure (45% α-helix 

and 9% β-sheet), the spectrum of α-La in solution was consistent with many previous CD studies of 

α-La in solution.
45, 47-49, 59

 Adsorption of α-La to the oil-water interface of both emulsions 

(tricaprylin-in-water and hexadecane-in-water emulsions) resulted in a significant increase in the 

CD intensities with the appearance of clear double minima at 208 nm and 222 nm. The 

deconvolution of the secondary structure content indicated a significant increase in α-helical 

content of α-La from 29.9% in buffer environment to 45.8% at the tricaprylin-water interface and 

to 58.5% at the hexadecane-water interface (Table 1). In comparison, the β-sheet content decreased 

from 18.0% in buffer environment to 8.3% for α-La at the tricaprylin-water interface and 9.9% at 

the hexadecane-water interface (Table 1). Overall therefore, both the far-UV SRCD results (greater 

change in the secondary structural content) and the FFTF results (the greater red-shift) confirmed a 

greater effect on changes of the secondary and tertiary structure when α-La was adsorbed at the 

more hydrophobic hexadecane-water interface than the tricaprylin-water interface. 

Since α-La adopted a non-native conformation at oil-water interfaces upon adsorption, the 

stability of this interfacial secondary structure against heating was further investigated. Five 

different temperatures ranging from 20 °C to 76 °C were examined and the far-UV SRCD spectra 

are shown in Figure 4. The SRCD spectra of α-La in solution remained unchanged at temperatures 

up to 48 °C but at higher temperatures, heating resulted in a significant loss of α-helical intensities 

(Figure 4A). Indeed, quantitative analysis of α-La secondary structure as summarized in Table 1 

revealed that the change was only seen at 62 °C and 76 °C. For example, the α-helix decreased 

from 29.9 % at 20 °C to 16.9% at 76 °C. The β-sheet increased from 18.0 % at 20 °C to 30.6% at 

76 °C. In comparison, heating had much less of an effect on the secondary structure of α-La 

adsorbed at oil-water interfaces than in solution. The SRCD spectra of α-La at both oil-water 

interfaces remained relatively stable, particularly in the α-helical region, but some loss of 

intensities at the positive peak was observed with increasing temperature (Figure 4 B and C). 

Compared to 20 °C, α-La at the tricaprylin-water interface showed a 5.4% decrease in α-helix and 

3.3% increase in β-sheet at 76 °C; α-La at the hexadecane-water interface showed a 10.5% decrease 

in α-helix and 3.3% increase in β-sheet at 76 °C.  
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Effect of heating and salt on the ζ-potential and average particle size of α-La-stabilized 

oil-in-water emulsions 

The stability of α-La-stabilized emulsions against heating and moderate ionic strength was 

further assessed by measuring the ζ-potential and average particle size at room temperature, 24 h 

after the emulsions were heated for 20 minutes at temperatures ranging from 20 °C to 90 °C in the 

absence or presence of 120 mM NaCl. α-La-stabilized tricaprylin-in-water emulsions and 

hexadecane-in-water emulsions had a ζ-potential of approximately -49 ± 2 mV, which remained 

very stable with increased temperatures (Figure 5A and 5B). Addition of 120 mM NaCl reduced 

the ζ-potential of both emulsions to approximately -19 ± 2 mV, which also remained stable at high 

temperatures (Figure 5A and 5B). This trend of reduction in the ζ-potential of emulsions with 

addition of salt was irrespective of whether the salt was added before or after heating. The addition 

of salt reduced the surface charge of the protein layer via electrostatic screening.  

The change in the average particle size (D4,3) of α-La-stabilized emulsions in response to 

heating and/or salt addition is shown in Figure 6. In the absence of salt, the tricaprylin-in-water 

emulsion had an average particle size of 0.60 ± 0.01 µm at 20 °C and 0.59 ± 0.01 µm after heating 

up to 90 °C, meaning that heating had no effect on the emulsion particle size (Figure 6A, solid 

line). The hexadecane-in-water emulsion had an average particle size of 0.69 ± 0.01 µm at 20 °C 

and 0.71 ± 0.01 µm at 90 °C, clearly demonstrating particle size stability against heating (Figure 

6B, solid line).  

When 120 mM NaCl was added to the emulsion prior to heating, the particle size of the 

tricaprylin-in-water emulsion increased slightly to 0.85 ± 0.01 µm at 20 °C compared to 0.60 ± 

0.01 µm at 20 °C in the absence of salt. (Figure 6A, dotted line). The hexadecane-in-water 

emulsion also had an increase in particle size at 20 °C, increasing from 0.69 ± 0.01 µm in the 

absence of salt to 0.79 ± 0.01 µm in the presence of salt (Figure 6B, dotted line). When heating the 

tricaprylin-in-water emulsions in the presence of salt, the initial particle size at 20 °C (0.85 ± 0.01 

µm) remained relatively stable up to 80 °C (0.93 ± 0.01 µm) but underwent a moderate increase at 

90 °C (1.71 ± 0.03 µm). However, heating the hexadecane-in-water emulsion in the presence of salt 

had no significant effect on the particle size (0.79 ± 0.01 at 20 °C to 0.81 ± 0.01 µm at 90 °C), 

suggesting a higher physical stability compared to the tricaprylin-in-water emulsion.   

In the treatment where the emulsion was heated prior to salt addition, the tricaprylin-in-

water emulsion had an average particle size of 0.87 ± 0.01 µm at 20 °C. Heating the tricaprylin-in-

water emulsion then adding salt gradually increased the particle size from 0.87 ± 0.01 µm at 20 °C 

to 1.21 ± 0.02 µm at 80 °C, which rose up to 15.56 ± 2.59 µm at 90 °C (Figure 6A, dashed line). A 

similar trend was observed for the hexadecane-in-water emulsion under the condition of heating 
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prior to adding salt. The average particle size of the hexadecane-in-water emulsion increased from 

0.77 ± 0.01 µm at 20 °C to 1.43 ± 0.06 µm at 90 °C (Figure 6B, dashed line). In comparison to the 

tricaprylin-in-water emulsion, the particle size increase in the hexadecane-in-water emulsion was 

much smaller under the condition of adding salt after heating. Overall, adding salt after heating 

destabilized α-La-stabilized emulsions to the greatest extent compared to the other two conditions 

(heating in the absence of salt and heating in the presence of salt) investigated in this study, 

particularly at high temperatures (80 and 90 °C). Furthermore, the hexadecane-in-water emulsion 

was generally more stable than the tricaprylin-in-water emulsion.  

The confocal images of α-La-stabilized emulsions under the conditions of heating and 

moderate ionic strength conditions were also consistent with the particle size measurements (See 

the Supporting Information). The results showed that the increase in the particle size of emulsions 

in this study was largely due to droplet flocculation rather than coalescence. However, it is hard to 

entirely exclude the coalescence destabilization from the confocal images as they only represent a 

fraction of the emulsion samples.  
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Discussion 

Adsorption-induced α-La structural change   

This study characterized the geometrical dimensions and conformation of α-La adsorbed at 

oil-water interfaces of emulsions using the complementary techniques of DPI, FFTF and SRCD. 

Overall, the results showed that adsorption of the small globular protein α-La to oil-water interfaces 

induced a significant change in both the secondary and the tertiary structure. The geometric data for 

α-La adsorbed at surfaces containing different properties clearly demonstrated the strong effect of 

the hydrophobic force on perturbing protein structure (Figure 1). α-La adsorbed at the C18-water 

interface resulted in a layer which was thinner (1.1 nm) and with higher mass (1.2 mg/m
2
) and 

higher density (1.1 g/cm
3
) with respect to the layer adsorbed at a hydrophilic silicon surface, 

indicating unfolding of the native globular shape into an open flat structure (Figure 1). A similar 

structural change at the C18 surface was also observed for the globular protein β-Lg in a previous 

study.
36

 The structural change of α-La and β-Lg occurs upon adsorption at the C18-water interface, 

where the hydrophobic region of proteins interacts with the hydrophobic C18 surface and the 

hydrophilic region of proteins remains exposed to the aqueous environment. At pH 3 below its pI 

of 4.2, α-La was adsorbed at the hydrophilic silicon oxynitride surface via weak polar interactions 

so that its crystal structure-like dimensions were retained. This study demonstrated that DPI is a 

sensitive technique to investigate the mechanism of protein adsorption at solid-fluid interfaces.  

The λmax in FFTF spectra of α-La adsorbed at two oil-water interfaces of emulsions 

(tricaprylin-water and hexadecane-water) were red-shifted with respect to that of native protein in 

solution (Figure 2), suggesting a change in protein globular structure with increased solvent 

exposure of Trp residues. It is generally difficult to differentiate the contribution of individual Trp 

residues to the emission signal for a multi-tryptophan protein. In the case of α-La, all four Trp 

(W26, W60, W104, W118) lie in the hydrophobic cluster of the protein and hence are deeply 

buried.
38, 39

 The increased solvent exposure of these Trp residues upon α-La adsorption to oil-water 

interfaces clearly indicated the disruption of the hydrophobic cluster of native α-La. The near-UV 

SRCD spectra confirmed this conclusion by showing a complete disappearance of the characteristic 

profile of native α-La in solution. Low positive signals for α-La adsorbed at both oil-water 

interfaces were seen in the region of 260-300 nm versus the deep negative peaks from Tyr, Phe and 

Trp for native α-La in solution (Figure 3A). Such a dramatic spectral change strongly suggests that 

the hydrophobic cluster of native α-La has been significantly perturbed upon adsorption to oil-

water interfaces.  

To define the α-La structure at oil-water interfaces in the context of the molten globule 

state, detailed characterization of the secondary structure is needed. This study reported for the first 
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time the far-UV SRCD spectra of α-La in emulsions (Figure 3B) and found that the secondary 

structure of α-La adsorbed at oil-water interfaces to be largely different from the structure of α-La 

in solution. Although native α-La contained a relatively large amount of α-helix, adsorption to oil-

water interfaces induced even more α-helix structure with a concomitant loss of β-sheet structure 

(Figure 3B and Table 1). Overall, α-La adsorbed at oil-water interfaces became partially unfolded 

and expanded with a highly ordered non-native secondary structure with a large amount of α-helix 

structure. While the loss of the tertiary structure of α-La upon adsorption to oil-water interfaces is a 

hallmark of a molten globule structure,
45, 47, 48, 58, 60

 the secondary structural change demonstrates 

that it is most unlikely that a molten globule structure exists for  α-La adsorbed at oil-water 

interfaces of emulsions.  

Both the FFTF and the far-UV SRCD results showed that the more hydrophobic (non-

polar) hexadecane-water interface induced a greater degree of conformational change in α-La 

compared to the tricaprylin-water interface (Figure 2 and 3B). This effect of oil polarity on the 

structural change of proteins adsorbed at oil-water interfaces was also seen in a previous study on 

β-Lg.
36

 Protein structural change upon adsorption to oil-water interfaces of emulsions is largely 

driven by the hydrophobic effect, i.e. the reorientation and solvation of the hydrophobic region of 

proteins toward the oil phase. The more hydrophobic hexadecane therefore requires a greater 

structural change for the solvation of the hydrophobic regions of proteins, which minimizes the 

thermodynamically unfavourable contact with water.  

The thermal stability study using far-UV SRCD on α-La adsorbed at oil-water interfaces 

showed that the non-native secondary structure exhibited a higher thermal stability compared to the 

native structure in solution (Figure 4 and Table 1). This result was consistent with a previous study 

on β-Lg adsorbed at oil-water interfaces, which was also stable against thermally-induced 

secondary structural change. Globular proteins such as β-Lg and α-La in solution can undergo 

significant conformational changes upon heating due to the large gain of conformational entropy, 

so that the hydrogen bonding and hydrophobic interactions in the native structure are disrupted. 

When adsorbed at oil-water interfaces, the conformation of proteins becomes more stable to 

heating due to two effects: the hydrophobic interactions between unfolded proteins and the oil 

phase and the steric constraints of proteins anchored at the oil-water interface.  

Physical stability of α-La-stabilized oil-in-water emulsions  

Creation of emulsions with desirable stability and physicochemical properties relies on the 

understanding of the relationship between protein interfacial structure and the bulk properties of 

emulsions. This study investigated the physical stability of α-La-stabilized emulsions by 

monitoring the ζ-potential and particle size under heating and moderate ionic strength conditions. 
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The structural change of α-La adsorbed at two oil-water interfaces of emulsions (tricaprylin-water 

and hexadecane-water) exposed charged side chains to the aqueous phase and resulted in adsorbed 

protein layers at the droplet surfaces with increased surface charge (-49 ± 2 mV) (Figure 5) in 

comparison to the ζ-potential of free α-La in solution (-14 ± 2 mV). With the addition of 120 mM 

NaCl, the ζ-potential of both emulsions decreased to -19 ± 2 mV although they were stable against 

heating. The reduction of the ζ-potential of α-La-stabilized emulsions with the addition of salt was 

consistent with results obtained from emulsions stabilized by many other proteins including β-Lg, 

β-casein and deamidated wheat protein.
1-4, 36

 This phenomenon is known as electrostatic screening, 

where positively charged Na
+
 ions act as counter-ions to the negative charges of the adsorbed 

protein layer, decreasing the net effective charge.  

In the absence of 120 mM NaCl, the highly charged layer of α-La provided excellent 

physical stability for both emulsions against heating up to 90 °C for 20 min, as there was no 

considerable change in the average particle size (Figure 6, solid line). The major stabilization 

mechanism is electrostatic repulsion between the droplets, which at -49 ± 2 mV is sufficient to 

oppose the attractive van der Waals forces.  

Compared to the experiments in the absence of salt, addition of 120 mM NaCl caused a 

small increase in the average particle size at 20 °C for both the tricaprylin-in-water emulsion (∆D4,3 

= 0.25 µm) and the hexadecane-in-water emulsion (∆D4,3 = 0.10 µm) (Figure 6). The average 

particle size of the tricaprylin-in-water emulsion remained relatively stable up to 80 °C but had a 

moderate increase of approximately 0.7 µm at 90 °C versus 20 °C (Figure 6A, dotted line). Heating 

the hexadecane-in-water emulsion in the presence of 120 mM NaCl did not cause any further 

increase in the particle size up to 90 °C (Figure 6B, dotted line). The minor increase in the average 

particle size of α-La-stabilized emulsions when heating in the presence of salt compared to heating 

in the absence of salt is due to the reduction in the electrostatic repulsion to a point where the 

emulsion droplet may become weakly flocculated. Weakly flocculated emulsions may be disrupted 

upon sample dilution and stirring when measured in the circulating buffer in the sample unit of a 

laser diffraction instrument.   

The stability of α-La-stabilized emulsions under the condition of heating in the presence of 

120 mM NaCl (Figure 6, dotted lines) was in sharp contrast to the same oil-in-water emulsions 

stabilized by β-Lg as shown in previous studies.
1, 3, 36

 The α-La-stabilized emulsions were more 

stable to extensive droplet flocculation than the β-Lg-stabilized emulsions, which showed a 

considerable increase in the average particle size when heating in the presence of salt.
36

 This is 

despite the fact that the ζ-potential of α-La-stabilized emulsions (-19 ± 2 mV) was lower than that 

of β-Lg-stabilized emulsions (-21 to -24 mV). β-Lg-stabilized emulsions are susceptible to more 

extensive droplet flocculation when heated above 60 °C in the presence of salt, which can be due to 
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the exposure of a free thiol group in β-Lg, which can participate in a sulfydryl-disulfide interchange 

reaction at high temperatures. When salt is added to the emulsion and the effective electrostatic 

repulsive force is reduced, the emulsion droplets come together and the chance of the inter-droplet 

sulfydryl-disulfide interchange reaction is largely increased. The sulfydryl-disulfide interchange 

reaction promotes the formation of covalent links between droplets and hence permanent droplet 

flocculation. The strong flocculation of β-Lg-stabilized emulsions upon heating above 60 °C can 

also be due to the increased hydrophobicity of β-Lg adsorbed at the droplet surfaces and the 

subsequent increase in the attractive hydrophobic interactions between emulsion droplets.
4
 In 

contrast, α-La has no free thiol group to participate in sulfydryl-disulfide interchange and hence 

resulting in a higher thermal stability of emulsions in terms of permanent droplet flocculation.  

In the final condition, addition of 120 mM NaCl after heating, the α-La-stabilized 

hexadecane-in-water emulsion underwent a moderate increase in the average particle size from 

0.77 µm at 20 °C to 1.43 µm at 90 °C (Figure 6B, dashed line). In contrast, the α-La-stabilized 

tricaprylin-in-water emulsion remained relatively stable in the region of 60 °C to 80 °C, but had a 

larger increase in the particle size to approximately 15.5 µm at 90 °C. In a previous study on β-Lg, 

it was also seen that the β-Lg-stabilized tricaprylin-in-water emulsion was more prone to droplet 

flocculation than the hexadecane-in-water emulsion when salt was added after heating.
36

 Together 

these results demonstrate the influence of the oil phase on colloidal stability. Colloidal stability of 

globular protein-stabilized emulsions is mainly governed by the balance between van der Waals 

attractive forces and electrostatic repulsive forces. The RI of the oil phase can affect the strength of 

van der Waals attractive forces through the Hamaker function.
4, 61

 The smaller difference in the RI 

between hexadecane and water (∆RI = 0.102) results in a weaker van der Waals attraction between 

the hexadecane-in-water emulsion droplets as compared to that of the tricaprylin-in-water emulsion 

(∆RI = 0.116), further contributing to the higher stability of the hexadecane-in-water emulsion 

compared to the tricaprylin-in-water emulsion.  

It is not yet clear whether addition of salt after heating destabilized α-La-stabilized 

emulsions more than addition of salt prior to heating. To date, there are relatively few studies on 

the colloidal stability of α-La-stabilized oil-in-water emulsions and even less on the 

characterization of α-La interfacial structure. It would be interesting to explore the interfacial 

properties of α-La by techniques such as rheology or reflectivity under different conditions.   
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Conclusion 

The structural dimensions and conformation of α-La adsorbed at oil-water interfaces were 

investigated using SRCD, FFTF and DPI. The compact globular structure of α-La was disrupted 

and the secondary structure underwent a change with a significant increase in the α-helical content. 

The impact of oil phase polarity was also investigated, confirming our previous observations with 

β-Lg that a more hydrophobic environment induced a larger degree of conformational change. This 

structural rearrangement resulted in a protein layer around the oil droplet surface, which resulted in 

excellent thermal stability of α-La emulsions when heated in the absence of NaCl via electrostatic 

repulsion. Furthermore, the lack of free thiol groups made the α-La emulsion droplets, which were 

already close to each other by adding salt, resistant to permanent droplet flocculation upon further 

heat treatment. Overall, this study has added to our current understanding of α-La structural 

rearrangement upon adsorption to oil-water interfaces of emulsions by demonstrating the formation 

of a characteristic conformation different from both the native α-La and the molten globule α-La in 

solution. Moreover, this study provides further information on the mechanism by which the 

interfacial structure of proteins can affect the physical stability of the emulsion under heating and 

moderate ionic strength conditions.   
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Table 1: Secondary structural content of α-La in different environments derived from the SRCD spectra. 

 

 
α -La in solution 

 
α-La at tricaprylin-water 

 
α-La at hexadecane-water 

α-helix (%) β-sheet (%)  α-helix (%) β-sheet (%)  α-helix (%) β-sheet (%) 

20 °C 29.9 18.0  45.8 8.3  58.5 9.9 

34 °C 29.6 19.0  46.6 5.6  51.0 15.8 

48 °C 28.9 19.4  41.9 9.6  51.7 14.2 

62 °C 24.7 22.1  45.8 5.5  49.6 16.5 

76 °C 16.5 30.6  40.4 11.6  48 15.3 
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Figure Legends 

Figure 1: DPI sensorgrams of real-time changes in mass, thickness and refractive index of (A) α-

La (10 µM, pH 7) binding to a C18 hydrocarbon surface and (B) α-La (100 µM, pH 3) binding to a 

silicon oxynitride surface. α-La was injected to the surface at 10 µL/min for 15 min (association 

phase), followed by 15 min buffer wash (dissociation phase). Arrow indicates the time when the 

dissociation phase began. 

 Figure 2: FFTF spectra of α-La in 10 mM sodium phosphate buffer pH 7 (black line), in 6 M 

urea/phosphate buffer (green line), at the tricaprylin-water interface (blue line), and at the 

hexadecane-water interface (red line). All spectra were measured at 20 °C. 

Figure 3: (A) Near-UV SRCD spectra and (B) far-UV SRCD spectra of α-La in 10 mM sodium 

phosphate buffer pH 7 (black line), at the tricaprylin-water interface (blue line) and at the 

hexadecane-water interface (red line). All spectra were measured at 20 °C.  

Figure 4: Effect of temperature on α-La (A) in 10 mM sodium phosphate buffer pH 7, (B) at the 

tricaprylin-water interface and (C) at the hexadecane-water interface. Spectra were recorded at 

various temperatures: 20 °C (black line), 34 °C (red line), 48 °C (green line), 62 °C (purple line), 

and 76 °C (pink line). 

Figure 5: Effect of temperature and salt addition on ζ-potential of (A) α-La-stabilized tricaprylin 

oil-in-water emulsions and (B) α-La-stabilized hexadecane oil-in-water emulsions (B). Note: 

‘heating + 0mM NaCl’ indicates no salt addition after heating; ‘heating + 120mM NaCl’ indicates 

salt addition after heating; and ‘120mM NaCl + heating’ indicates salt addition before heating.  

Figure 6: Effect of temperature and salt addition on the mean particle diameter D4,3 of (A) α-La-

stabilized tricaprylin oil-in-water emulsions and (B) α-La-stabilized hexadecane oil-in-water 

emulsions. Note: ‘heating + 0mM NaCl’ indicates no salt addition after heating; ‘heating + 120mM 

NaCl’ indicates salt addition after heating; and ‘120mM NaCl + heating’ indicates salt addition 

before heating. 
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Figure 3 
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Figure 4 
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Figure 5 
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Appendix 4.1: Supporting Information  

 

Emulsion visualization by confocal microscopy 

The α-La-stabilized emulsions after the treatment of heating and/or salt addition were 

examined using a Leica SP5 Confocal Laser Scanning Microscope equipped with an argon ion 

laser (Leica Microsystems, Wetzlar, Germany). One drop of florescence dye Nile Red (0.025% 

dissolved in 0.1% dimethyl sulfoxide/99.9% ethanol) was added to the emulsion sample (1 mL) 

which was gently mixed by inversion. The sample was then observed under the microscope and the 

images were exported in a scale of 25 µm. 
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Figure S1: Confocal images of α-La-stabilized tricaprylin-in-water emulsions 24 h after the treatment 

of (A) 20 °C + 0 mM NaCl; (B) 90 °C + 0 mM NaCl; (C) 20 °C + 120 mM NaCl; (D) 120 mM NaCl + 90 °C; 

(E) 90 °C + 120 mM NaCl. 
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Figure S2: Confocal images of α-La-stabilized hexadecane-in-water emulsions 24 h after the treatment 

of (A) 20 °C + 0 mM NaCl; (B) 90 °C + 0 mM NaCl; (C) 20 °C + 120 mM NaCl; (D) 120 mM NaCl + 90 °C; 

(E) 90 °C + 120 mM NaCl. 
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Chapter 5 

Interfacial structure and stabilizing function of β-casein at 

oil-water interfaces of emulsions 

 

 

 
A schematic model of β-casein adsorption to the oil-water interface 
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5.1 Introduction 

 Milk proteins are commonly used as emulsifiers in the food industry due to their excellent 

surface-active and emulsion-stabilizing characteristics (Chapter 1 Section 1.4).
1-3

 The properties of 

milk protein-stabilized oil-in-water emulsions are determined by the interfacial structure of the 

adsorbed protein layer at droplet surfaces.
4-9

 It is widely thought that milk proteins change their 

structure upon adsorption to oil-water interfaces of emulsions.
10-13

 However, detailed 

characterization of the structure of proteins adsorbed at oil-water interfaces has long been difficult 

(Chapter 1 Section 1.3.3). Standard methods of structural analysis, such as circular dichroism (CD) 

spectroscopy and Fourier transform infrared (FTIR) spectroscopy are either impossible to use on 

emulsions or provide limited information. Indirect methods such as dynamic light scattering (DLS) 

and neutron reflectivity are used to study the thickness and density distribution of the adsorbed 

protein layer but they do not provide information on protein conformation at a molecular level.  

 Previous chapters (Chapters 2-4) outlined studies that employed a range of biophysical 

methods including synchrotron radiation circular dichroism (SRCD) spectroscopy, front-face 

tryptophan fluorescence (FFTF) spectroscopy and dual polarization interferometry (DPI) to study 

the adsorption-induced structural change of globular proteins.
14, 15

 These approaches overcame the 

issue of high light scattering and absorbance from emulsion droplets and systematically 

characterized the secondary structure, tertiary structure, and geometric dimensions of β-

lactoglobulin (β-Lg) and α-lactalbumin (α-La) adsorbed at oil-water interfaces. The results showed 

that the process of adsorption to oil-water interfaces caused the unfolding of these two globular 

proteins and induced a large amount of non-native α-helical conformation.  

Although studies in previous chapters significantly improved our understanding on the 

structural change of proteins upon adsorption to oil-water interfaces, both β-Lg and α-La have 

compact globular structures and ordered secondary structures in solution. In order to gain a broader 

insight into protein structural behaviour upon adsorption, it is necessary to investigate a range of 

proteins with different molecular properties. β-Casein is a good contrast to β-Lg and α-La because 

it has a very different structure in solution. The current knowledge on the structural property of β-

casein in solution and adsorbed at oil-water interfaces has been reviewed (Chapter 1 Section 1.4.3). 

Briefly, β-casein is a flexible protein with a large amount of unordered secondary structure.
16

 β-

Casein contains 209 amino acid residues including 35 prolines, the cyclic structure of which 

accounts for the low amount of the α-helix and the β-sheet. A characteristic feature of the β-casein 

sequence is that it can be divided into a hydrophilic region of 0-40 residues at the N-terminus and a 

hydrophobic C-terminus (Chapter 1 Figure 1.17).
16

 As a result, β-casein forms micelles in solution 

to minimize the contact of the hydrophobic C-terminus with water. When it comes to adsorption to 

oil-water interfaces, the amphiphilic property makes β-casein very surface-active. The structure of 
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β-casein adsorbed at air-water or oil-water interfaces has been characterized in many experiments 

using neutron reflectivity, DLS, and molecular modelling.
17-25

 These studies have shown that the 

inner layer of β-casein anchored at the surface is dense and thin (1-2 nm) with a large protein mass 

(80 to 90%) whilst the outer layer exposed in the aqueous phase is diffuse and thick (5-10 nm) with 

less than 20% protein mass.
17-25

 These results suggest that β-casein adsorbs to hydrophobic surfaces 

with its hydrophobic region located at the surface and its hydrophilic region protruding into the 

aqueous phase, the so called ‘train-loop-tail’ model (Chapter 1 Figure 1.7).
5, 13

 Due to steric 

repulsion between the droplets provided by the layer of β-casein from its structural change upon 

adsorption, emulsions stabilized by β-casein have excellent stability against droplet flocculation 

under conditions of heating and moderate ionic strength from NaCl.
26

   

Previous studies have mainly focused on investigating the mass and density distribution 

profile of β-casein adsorbed at planar hydrophobic surfaces using neutron reflectivity.
17, 21

 This 

present study employed DPI to investigate the thickness and density of the β-casein layer adsorbed 

at a hydrophobic C18 surface and compared the DPI result to that from neutron reflectivity. 

Moreover, given that β-casein has a very different structure from β-Lg and α-La, this study also 

investigated the effect of native molecular structure on the adsorption-induced structural change 

using SRCD for in situ characterization of the secondary structure of β-casein adsorbed at oil-water 

interfaces.  

5.2 Materials and Methods 

5.2.1 Materials 

β-Casein (BioUltra, ≥98% PAGE) was purchased from Sigma-Aldrich Company (St Louis, 

MO). Sodium chloride (NaCl), sodium phosphate (monobasic and dibasic), hexadecane, tricaprylin 

and sodium dodecyl sulphate (SDS) were purchased from Sigma-Aldrich Company (St Louis, 

MO). All chemicals and solvents were of analytical grade. The ultrapure water was prepared by a 

Purelab Ultra Genetic purification system (ELGA LabWater) and used for all experiments. 

5.2.2 DPI measurements and data analysis 

The geometric dimensions of β-casein adsorbed at a hydrophobic surface was determined 

by measuring the thickness and refractive index (RI) of the β-casein layer adsorbed at a C18 

hydrocarbon AnaChip immobilized on an Analight Bio2000 DPI instrument (Farfield Group, UK). 

The detailed instrumental set-up and calibration procedure were previously described (Chapter 3 

Materials and Methods).
15

 The C18 hydrocarbon chip surface with bulk buffer flowing over the top 

served as a model planar oil-water interface. Freshly prepared 10 µM β-casein solution in 10 mM 

sodium phosphate buffer pH 7 was injected onto the C18 surface at 10 µL/min flow rate for 15 min 
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during an association phase and followed by a dissociation phase with the bulk buffer flowing over 

the layer for another 15 min. For comparison, a reference study was also performed by adsorbing β-

casein to a hydrophilic silicon oxynitride Anachip. β-Casein was injected over the silicon 

oxynitride AnaChip using a similar experimental condition as in the C18 study except that a higher 

concentration (100 µM in 10 mM sodium phosphate buffer, pH 7) was used. The mathematical 

model for the conversion of transverse magnetic (TM) and transverse electric (TE) data into layer 

mass, thickness, RI and density was previously described (Chapter 3 Materials and Methods).
15

 

Maxwell’s equations of electromagnetic radiation were used to resolve the experimentally obtained 

phase changes of TM and TE polarizations into the thickness and RI of the adsorbed protein layer. 

The density and mass of the adsorbed layer were calculated using the thickness and RI values 

(Chapter 3 Materials and Methods).
15 

5.2.3 Emulsion preparation and centrifugation assay 

β-Casein-stabilized emulsions (0.3% w/w) containing 20% (v/v) hexadecane or tricaprylin 

were used for this study. The emulsions were prepared following a method previously described 

(Chapter 3 Materials and Methods).
15

 Briefly, the oil phase was added to protein solution by 

weight. The mixture was then blended using an Ultra-turrax high-speed blender at 8000 rpm for 2 

min and then passed through an Avestin C5 high-pressure homogenizer twice at approximately 700 

bar. All emulsions used for SRCD and fluorescence studies were freshly prepared on site at the 

ISA-synchrotron where the CD1 beam line is located (Institute for Storage Ring Facilities, Aarhus 

University, Denmark) and experiments were performed within 24 h of preparation. 

To determine the amount of β-casein adsorbed at oil-water interfaces, emulsions were 

centrifuged in 300 kDa centrifuge tubes (Pall, Port Washington, NY) at 11600 × g for 15 min. The 

concentration of proteins in the aqueous phase (subnatant) was obtained by measuring absorbance 

at 280 nm and using an extinction coefficient of 0.47 mLmg
-1

cm
-1

.
27

 The amount of proteins 

adsorbed at oil-water interfaces was then calculated from the specific surface area of the emulsion 

droplets and was reported as the surface coverage (weight of protein per unit of surface area). An 

average of 12 aliquots of each emulsion sample was reported.  

5.2.4 SRCD measurements and data analysis 

 All far-UV and near-UV SRCD measurements of β-casein in solution and emulsions were 

performed on the CD1 beam line of the SRCD station at the ASTRID storage ring.
28, 29

 The 

operating conditions and data analysis followed a method previously described (Chapter 3 

Materials and Methods).
15

 A Suprasil cells (Hellma GmbH & Co., Germany) with a 0.01 cm path 

length was used for the far-UV SRCD measurement. The operating conditions were: 1 nm 

bandwidth, 2.15 s averaging time, 3 scans for a solution sample and 8 scans for an emulsion 
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sample. The SDS-stabilized emulsion was used as a valid baseline to correct light scattering 

background of the emulsion spectra as previously described.
15

 A mean residue weight of 114.9 for 

β-casein was used to convert the unit of milli-degrees in SRCD to the standard unit of mean residue 

ellipticity [θ]. The secondary structural content was calculated using the SELCON3 method
30

 and 

the reference set SP175 in DICHROWEB
31

 as previously described.
15 

5.2.5 Treatment of emulsions under high temperatures and salt addition 

 β-Casein-stabilized emulsions were prepared as described above and were then treated 

under three different conditions involving heating and/or salt addition using previously described 

experimental procedures.
15

 Briefly, the first condition involved heating freshly made emulsions in 

the absence of NaCl from 20 °C to 90 °C for 20 min. The second condition involved heating the 

freshly made emulsions in the presence of NaCl (120 mM). The third condition involved firstly 

heating the emulsions in 0 mM NaCl and then adding 120 mM NaCl to the emulsions. ζ-Potential 

and particle size measurements were made after 24 h storage.  

5.2.6 Measurements of emulsion ζ-potential and average particle size  

 The ζ-potential of β-casein-stabilized emulsions was measured using laser doppler 

velocimetry (Malvern Zetasizer Nano ZS, Worcestershire, UK). The emulsion samples stored for 

24 h after various treatments were diluted (2 µL in 30 mL of the corresponding buffer, 10 mM 

sodium phosphate buffer, pH 7, with 0 mM or 120 mM NaCl) and injected into a folded capillary 

cell with electrodes for measurements. The ζ-potential was calculated from the droplet velocity and 

direction when subjected to an alternating electric field. The average particle size of emulsions was 

measured using laser light diffraction (Malvern Mastersizer 2000, Worcestershire, U.K.) equipped 

with a Hydro SM small volume sample dispersion unit. The emulsion samples were dispersed in 

circulating buffer in the Hydro SM unit and the average particle size was calculated from a best fit 

between the measured scattering pattern and a model scattering pattern of equivalent polydisperse 

spheres (Mie theory). The volume-weighted average mean diameter D4,3 (=Σnidi4/Σnidi3, where ni is 

the number of particles with diameter di) was reported. All measurements were an average of at 

least three individual samples and the standard deviations were given in the plot (Figures 5.3 & 

5.4). Detailed experimental procedures and operating conditions were previously described.
15

  

5.3 Results  

5.3.1 Geometric dimensions of β-casein adsorbed at hydrophobic and hydrophilic 

surfaces 

A DPI equipped with chips containing either a hydrophobic C18 surface or a hydrophilic 

silicon oxynitride surface was employed to study the geometric dimensions of the adsorbed β-



117 

 

casein layer. Figure 5.1 shows the real-time changes in the thickness, RI and mass of the β-casein 

layer at the C18 surface as well as the silicon oxynitride surface. Table 5.1 summarizes the 

experimental values of the layer mass, thickness and density (derived from RI) at three different 

time intervals, i.e. the moment of adsorption (Time 0 min), the end of the association/adsorption 

phase (Time 15 min) and the end of the dissociation phase (Time 30 min). β-Casein adsorption to 

the C18 surface resulted in a deposited mass of 2.0 ng/mm
2
 which gradually decreased before it 

reached a plateau at 1.4 ng/mm
2 

(Time 30 min) (Figure 5.1A & Table 5.1). The thickness of the 

adsorbed layer at the C18 surface reduced from 5 nm upon adsorption (Time 0 min) to 2.3 nm after 

dissociation (Time 30 min). However, the adsorbed layer at the C18 surface became a little denser 

from 0.41 g/cm
3
 (Time 0 min) to 0.57 g/cm

3
 (Time 30 min).  

β-Casein adsorption to the silicon oxynitride surface resulted in a protein layer with a 

similar amount of mass deposited as that at the C18 surface (Figure 5.1 & Table 5.1). However, the 

adsorbed layer at the silicon oxynitride surface was thicker and less dense than that at the C18 

surface, in particular during the association/adsorption phase (Time 0-15 min) (Figure 5.1B). At the 

end of the dissociation phase (Time 30 min), the adsorbed layer at the silicon oxynitride surface 

was 0.7 nm thicker and 0.17 g/cm
3 
less dense than the layer at the C18 surface (Table 5.1). 

  

Figure 5.1: DPI sensorgrams of the real-time changes in the mass, thickness and refractive 

index of the β-casein layer binding to a C18 hydrocarbon surface (A) and a silicon oxynitride 

surface (B). β-Casein was injected to the surface at 10 μL/min for 15 min (the association 

phase), followed by 15 min buffer wash (the dissociation phase). Arrows indicate the time 

when the dissociation phase began. 

 

Table 5.1: Experimental values of the adsorbed β-casein layer at the C18 and silicon oxynitride surfaces. 

Surface Time (min) Mass (ng/mm
2
) Thickness (nm) Density (g/cm

3
) 

C18 

hydrocarbon 

0 2.0 5.0 0.41 

15 1.8 3.7 0.47 

30 1.4 2.3 0.57 

Silicon 

oxynitride 

0 1.7 5.5 0.15 

15 2.0 5.0 0.40 

30 1.2 3.0 0.40 

 

Time (min)

-5 0 5 10 15 20 25 30 35

T
h

ic
k
n

e
s
s
 (

n
m

)

0

1

2

3

4

5

6

R
e

fr
a

c
ti
v
e

 i
n

d
e

x

1.35

1.40

1.45

1.50

1.55

1.60

M
a

s
s
 (

n
g

/m
m

2
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Thickness 

RI

Mass

Time (min)

-5 0 5 10 15 20 25 30 35

T
h
ic

k
n

e
s
s
 (

n
m

)

0

1

2

3

4

5

6

R
e

fr
a

c
ti
v
e

 i
n

d
e
x

1.35

1.40

1.45

1.50

1.55

1.60

M
a

s
s
 (

n
g

/m
m

2
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Thickness 

RI

Mass

A B 



118 

 

5.3.2 Secondary structure of β-casein at oil-water interfaces 

 Before investigating the secondary structure of β-casein adsorbed at oil-water interfaces, it 

was necessary to create emulsions where most of β-casein in emulsions adsorbed at the interface 

rather than remaining in the bulk solution. The centrifugation assay found that greater than 95% 

protein was adsorbed at oil-water interfaces under the homogenization condition. Compared to the 

initial protein concentration (3 mg/mL), less than 0.13 mg/mL of β-casein remained in the bulk 

solution of the hexadecane-in-water emulsion and only 0.06 mg/mL was found in the bulk phase of 

the tricaprylin-in-water emulsion. The adsorbed β-casein layers in the hexadecane-in-water and the 

tricaprylin-in-water emulsion had a surface coverage of 0.96 mg/m
2
 and 1.05 mg/m

2
 respectively. 

These values were relatively consistent with previous studies, indicating that an expanded 

monolayer of β-casein was located at the droplet surfaces.
32-34

 

The secondary structural change of β-casein upon adsorption to two oil-water interfaces 

(tricaprylin-water and hexadecane-water) was examined by far-UV SRCD and the results are 

shown in Figure 5.2. β-Casein in solution (10 mM sodium phosphate buffer, pH 7) gave a far-UV 

SRCD spectrum containing a minimum peak at 200 nm and no zero-crossing, indicating a large 

amount of unordered structure. Analysis of this solution spectrum revealed that there was 11% α-

helix, 25% β-sheet, 16% turn and 47% unordered structure (Table 5.2). The solution spectrum was 

highly consistent with previous studies.
18, 35

 Upon adsorption to oil-water interfaces, the SRCD 

spectra of β-casein changed to those characteristic of an α-helical-containing conformation as 

shown by the appearance of double minima at approximately 208 nm and 222 nm and the increase 

in signal intensity at 190 nm. Secondary structural analysis confirmed this observation. Table 5.2 

shows that the α-helical content rose from 11% in solution to 18% at the tricaprylin-water interface 

and to 23% at the hexadecane-water interface, accompanied by decreases in the unordered structure 

and the β-sheet structure.  

 

Figure 5.2: Far-UV SRCD spectra of β-casein in 10 mM sodium phosphate buffer pH 7 (black 

line), at the tricaprylin-water interface (blue line) and at the hexadecane-water interface 

(red line). All spectra were measured at 20 °C. 
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Table 5.2: Secondary structural content of β-casein in different environments. 

β-casein α-helix (%) β-sheet (%) Turns (%) Unordered (%) 

In solution 11.0 25.2 16.1 46.9 

At tricaprylin-water interface 18.1 28.5 15.2 40.6 

At hexadecane-water interface 23.0 22.9 14.0 39.4 

  

5.3.3 Effect of temperature and salt on the ζ-potential and particle size of β-casein-

stabilized oil-in-water emulsions 

 The stability of β-casein-stabilized emulsions under conditions of heating and moderate 

ionic strength (120 mM NaCl) was assessed by monitoring the emulsion ζ-potential and average 

particle size. Figure 5.3 shows changes in the emulsion ζ-potential in response to heating and 120 

mM NaCl addition. Both the tricaprylin-in-water and the hexadecane-in-water emulsions had a ζ-

potential of approximately -40 mV which was stable against heating up to 90 °C. Addition of 120 

mM NaCl reduced the ζ-potential of both emulsions to -18 ± 1 mV which also remained stable 

upon heating. These results indicated that in the absence of 120 mM NaCl, the β-casein layer at the 

droplet surface was highly charged. Addition of 120 mM NaCl reduced the surface charge of the 

protein layer via the electrostatic screening effect.  

 

Figure 5.3: Effect of heating and 120 mM NaCl addition on the ζ-potential of β-casein-

stabilized tricaprylin-in-water emulsions (A) and β-casein-stabilized hexadecane-in-water 

emulsions (B). Note: ‘heating + 0mM NaCl’ indicates no salt addition after heating; ‘heating + 

120mM NaCl’ indicates salt addition after heating; and ‘120mM NaCl + heating’ indicates salt 

addition before heating.  

 

Figure 5.4 shows changes in the emulsion average particle size as a function of temperature 

and ionic strength. In the absence of salt, the tricaprylin-in-water emulsion had a mean particle size 

of 0.61 ± 0.01 µm at 20 °C and increasing temperatures up to 90 °C for 20 min had no effect on 
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emulsion stability (Figure 5.4A). Addition of 120 mM NaCl to the emulsion, whether before or 

after heating, caused the mean particle size to increase slightly to around 0.7 µm, which remained 

stable against droplet flocculation up to 90 °C (Figure 5.4A). This stability against flocculation was 

also observed in the hexadecane-in-water emulsion which had an initial particle size of 0.54 ± 0.01 

µm at 20 °C in the absence of salt (Figure 5.4B). There was no significant change in the mean 

particle size under heating and salt addition (Figure 5.4B). These results were consistent with 

previous studies on β-casein-stabilized emulsion stability under heating and moderate ionic 

strength (NaCl) conditions.
26

 Together with the structural studies, these results demonstrated that 

the adsorbed layer of β-casein provided both electrostatic and steric repulsion to emulsion droplets 

and hence a good stabilization against droplet flocculation and coalescence under the investigated 

conditions.  

 

Figure 5.4: Effect of heating and 120 mM NaCl addition on average particle size of β-casein-

stabilized tricaprylin-in-water emulsions (A) and β-casein-stabilized hexadecane-in-water 

emulsions (B). Note: ‘heating + 0mM NaCl’ indicates no salt addition after heating; ‘heating + 

120mM NaCl’ indicates salt addition after heating; and ‘120mM NaCl + heating’ indicates salt 

addition before heating.  

 

5.4 Discussion 

This is the first study to use DPI and SRCD techniques to characterize the structure of β-

casein adsorbed at a planar hydrophobic surface or the oil-water interface of emulsions. 

Specifically, the DPI study gave information on the geometric dimensions of the β-casein layer 

adsorbed at a hydrophobic surface. In the DPI study, a C18 planar surface with buffer flowing over 

was used to mimic the oil-water interface of emulsions and a hydrophilic silicon oxynitride surface 

was used for comparison. With similar amounts of mass adsorbed at the two surfaces, the protein 

layer at the C18 surface was 1.1 nm thinner and 0.25 g/cm
3
 denser than that at the silicon 

oxynitride surface at the end of the adsorption phase (Table 5.1). This result can be due to the 
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influence of the hydrophobic surface on driving the structural rearrangement of β-casein, where its 

hydrophobic region is located at the surface. The hydrophilic silicon oxynitride surface may not 

favour the contact between the surface and the hydrophobic region of β-casein and therefore 

induces a different orientation of β-casein, generating a thicker and more diffuse layer with a larger 

region of β-casein remaining in the aqueous environment than at the C18 surface.  

Previous neutron reflectivity studies on β-casein layers adsorbed at hydrophobic surfaces 

(air-water and hexane-water) reported thickness values of 5-10 nm,
17, 21

 which are higher than the 

DPI study (2-5 nm). Another recent study also compared the measured layer thickness of bovine 

serum albumin (BSA) adsorbed at silicon surfaces in parallel DPI and neutron reflectivity studies.
36

 

The study reported that when a single-layer model was used in neutron reflectivity data analysis, 

similar layer thickness was observed between the two techniques. However, when a two-layer 

model was used in neutron reflectivity, a higher layer thickness was detected in neutron reflectivity 

than DPI. DPI only has a single-layer model assuming a uniform protein layer at the surface. When 

an adsorbed protein layer is non-uniformly distributed perpendicular to the surface, DPI with the 

single layer model can be less sensitive to the outer layer of the protein adsorbed at the surface than 

neutron reflectivity. The two layer model in the neutron reflectivity may deconvolute both the inner 

layer and the outer layer, giving a higher thickness value than DPI. Moreover, the difference 

between the thickness values of the adsorbed β-casein layers obtained from DPI and neutron 

reflectivity can arise from the different physical conditions of the protein layer, which was 

adsorbed at a C18 solid-water interface in DPI and at an air-water or a hexane-water interface in 

neutron reflectivity. Nevertheless, DPI can serve as a valuable and sensitive technique for 

comparing uniform protein layers adsorbed at surfaces of different properties, such as the cases of 

previous studies on β-Lg and α-La (Chapters 3 & 4).  

In the SRCD study, secondary structural change of β-casein was characterized in situ at oil-

water interfaces of emulsions. Two phenomena were observed and were consistent with previous β-

Lg and α-La studies (Chapters 3 & 4). The first phenomenon was the increase in the non-native α-

helical conformation upon adsorption to oil-water interfaces. There was an increase of 7.1% and 

12% from the unordered structure to the α-helix upon β-casein adsorption to the tricaprylin-water 

interface and the hexadecane-water interface respectively (Table 5.2). Considering the high content 

of proline residues in β-casein, this increase was quite significant and demonstrated once again that 

the α-helical structure is preferred at oil-water interfaces.  

The second phenomenon is the effect of oil hydrophobicity on the extent of structural 

change upon adsorption to oil-water interfaces. The SRCD results showed that the more 

hydrophobic hexadecane-water interface induced a larger change in the structure of β-casein than 

the tricaprylin-water interface (Figure 5.2 & Table 5.2). In a parallel study on the structural change 
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of β-casein upon adsorption to these two oil-water interfaces, SRCD results were also obtained 

(Appendix 5.1 Figure 6A) that were consistent with the present study.
35

 Moreover, that study 

measured the FFTF spectra of β-casein in solution and adsorbed at the hexadecane-water and the 

tricaprylin-water interfaces (Appendix 5.1 Figure 6B).
35

 The results showed a significant shift in 

λmax from 349 nm for β-casein in solution to 339.5 nm and 337.5 nm at the tricaprylin-water and the 

hexadecane-water interfaces respectively. The shift in λmax indicated that the only Trp residue (at 

position 143 in the sequence) in β-casein moved from a hydrophilic environment in the native state 

to a more hydrophobic environment, in this case, the oil-water interface. The larger shift in λmax 

when β-casein adsorbed to the hexadecane-water interface than the tricaprylin-water interface also 

revealed that the more hydrophobic oil induced a greater conformational change. This phenomenon 

of the effect of oil hydrophobicity reflects the fact that the main thermodynamic driving force of 

adsorption-induced structural change is the reorientation of a protein to expose its hydrophobic 

region toward the interface. A more hydrophobic interface thus requires a larger change in structure 

in order to establish the favourable interaction between the protein and the interface.   

Based on previous studies with neutron reflectivity and FFTF and this study with DPI and 

SRCD, a schematic representation of the adsorbed β-casein layer at the oil-water interface is 

proposed and shown in Figure 5.5. The layer can be described in two distinct parts: a dense inner 

layer at the interface and a diffuse outer layer exposed to the aqueous phase. Specifically, the inner 

layer contains the hydrophobic C-terminus and most of the non-native α-helical conformation, 

which plays an important role in anchoring the protein at the interface. The outer layer contains the 

hydrophilic N-terminus that is negatively charged and thick (approximately 5-10 nm), which 

provides both electrostatic and steric repulsion within emulsions (Chapter 1 Section 1.2.2). Due to 

this unique structure of β-casein adsorbed at oil-water interfaces, emulsions stabilized by β-casein 

displayed excellent physical stability under conditions of heating and moderate ionic strength from 

120 mM NaCl (Figures 5.3 & 5.4).  

5. 5 Conclusion 

 This study employed DPI and SRCD methods to characterize the structural properties of β-

casein adsorbed at a planar hydrophobic surface or the oil-water interface of emulsions. Together 

with previously studies on β-Lg and α-La (Chapters 3 & 4), the results obtained on β-casein 

structural behaviour upon adsorption enriched our current understanding in two aspects. First, the 

SRCD study showed that, at a secondary structural level, the transition from the unordered 

structure in β-casein to the preferred α-helical conformation at oil-water interfaces despite the high 

content of proline residues. Second, the structure of the β-casein layer adsorbed at oil-water 

interfaces was related to the emulsion physical stability under conditions of heating and moderate 

ionic strength. The combination of steric and electrostatic repulsion between the emulsion droplets 
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provided by the adsorbed β-casein layer thus explains the excellent functionality of β-casein as an 

emulsion stabilizer under conditions of heating and ionic strength (120 mM NaCl).    

 

  

Figure 5.5: A schematic representation of the interfacial structure of β-casein adsorbed at 

the oil-water interface. 
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Abstract 

The conformation of deamidated gliadins and β-casein in solution and adsorbed at the 

interface of oil-in-water emulsions was studied using synchrotron radiation circular dichroism 

(SRCD) and front face fluorescence spectroscopy. Deamidation led to partial unfolding of gliadins 

in solution. The α-helix content of the protein decreased from 35% (in the native form) to 16.3% 

while the percentage of β-sheet and unordered structure increased upon deamidation. The 

secondary structure of deamidated gliadins was largely unchanged upon adsorption to both 

tricaprin/water and hexadecane/water interfaces. In contrast, β-casein adopted a more ordered 

structure upon adsorption to these two oil/water interfaces, the α-helix content increased from 5.5% 

(solution) to 20% and 22.5% respectively after adsorption to tricaprin/water and hexadecane/water 

interfaces. Both deamidated gliadins and β-casein have distinctive N-terminal hydrophilic and C-

terminal hydrophobic domains. Unlike β-casein which contains no cysteine residue, gliadins have a 

large number of intramolecular disulphide bonds located in the C-terminal hydrophobic domain 

which constrains the conformational freedom of this protein upon adsorption to oil/water 

interfaces. The hydrophobicity of the oil phase also has an impact on the conformation of each 

protein upon adsorption to the oil/water interfaces – systematic trends were observed between oil 

phase polarity from: i) tryptophan fluorescence emission maxima, and ii) the α-helix content in the 

adsorbed state. Our results demonstrate that conformational rearrangement of proteins upon 

adsorption to emulsion interfaces is dependent not only on the hydrophobicity of the oil phase, but 

more importantly on the conformational flexibility of the protein.  
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Introduction 

Proteins are widely used to stabilise oil/water and air/water interfaces in emulsion and 

foam based consumer products. Proteins are excellent emulsifiers because their natural 

amphiphilicity promotes emulsification and their polymeric structure helps to prevent emulsion 

structure breakdown via processes such as flocculation and coalescence.
1, 2

 The structural 

organisation of proteins at oil/water interfaces has long been recognized as a major factor 

controlling the stability of emulsion-based products.
3, 4

 Extensive effort has been directed at 

understanding the mechanism and dynamics of protein adsorption, the hierarchical structure of 

proteins at interfaces and how these relate to emulsion stability.
4-6

 It is widely thought that upon 

adsorption to droplet interfaces, proteins tend to unfold and adopt a conformation that maximizes 

the exposure of their hydrophobic/hydrophilic segments to oil/water phases respectively.
2-4, 6

 What 

is not well understood is the extent of protein conformational rearrangement that accompanies 

adsorption and how this is affected by the nature of the protein and the oil phase. Given that the 

structure and behavior of proteins adsorbed at interfaces play a key role in stabilizing emulsions, a 

detailed understanding of these conformation rearrangements is of high importance.   

Among the most studied protein emulsifiers are those derived from dairy, such as β-

lactoglobulin and the caseins.
7-10

 Proteins from plant sources (e.g. wheat, soy and corn, etc.) have 

not been used extensively as emulsifiers due to their poor water solubility at neutral pH.
11, 12

 

Modification of these proteins, either by deamidation and/or enzymatic hydrolysis, is required to 

enhance their solubility by increasing their polyelectrolyte character.
13-16

 Deamidation using mild 

acid converts amide groups, primarily from glutamine residues, into carboxyl groups, with minimal 

protein hydrolysis.
13

 This process results in an increase in the protein charge at neutral pH and a 

reduction in inter- and intra-molecular hydrogen bonding interactions, which enhances protein 

solubility by decreasing aggregation.
17

  

There is increasing interest in the properties of emulsions stabilised by (modified) plant 

proteins.
14-16, 18, 19

 Studies have shown that emulsions stabilised by deamidated wheat protein have 

excellent physical stability, particularly against coalescence and thermally induced aggregation.
16, 20

 

There is very limited knowledge of the interfacial structure of plant proteins, particularly as to how 

this structure relates to emulsion stability. Recently we found that deamidated wheat protein forms 

a relatively thick interfacial layer of ~18 nm upon adsorption to oil/water interfaces.
16

 The protein 

film also has a weak fluid-like interfacial rheology, indicating low friction within the interfacial 

layer which suggests the protein does not have a highly ordered structure (globular proteins form 

strong viscoelastic films).
21, 22

 However, whether or not deamidated wheat protein undergoes any 

conformational change upon adsorption to oil/water interfaces and the mechanism of how this 

protein stabilises emulsions is not well understood. 
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Circular dichroism (CD) is used extensively to determine protein secondary and tertiary 

structures in solution.
23-25

 However, there have been few studies examining the conformation of 

proteins at emulsion interfaces using CD as the high absorbance/light scattering of these structures 

prevents good quality spectra to be obtained using conventional instruments. A few studies have 

used solid particles or surfaces to mimic oil/water interfaces.
24, 26-29

 Although such studies can 

provide insight into protein behaviour at hydrophobic surfaces, they do not mimic the 

physiochemical nature of emulsion oil/water interfaces. The conformation of proteins adsorbed at 

liquid interfaces, especially oil/water interfaces, may differ from that at solid surfaces or colloidal 

particles because the protein molecules have much greater mobility at the interface and greater 

penetration into the non-aqueous phase.
3
 Attempts to study the structure of proteins adsorbed at 

emulsion interfaces using CD have been undertaken by matching the refractive index (RI) of the 

two phases to reduce signal interference.
30

 The drawback of RI matched emulsions is that the 

presence of the high levels of glycerol (58% (v/v)) required to achieve RI matching may affect the 

conformation of the protein. Recently, a method was developed to directly measure the 

conformation of proteins (β-lactoglobulin) adsorbed at emulsion oil/water interfaces using 

Synchrotron Radiation Circular Dichroism (SRCD).
31

 The main advantage of SRCD is that the 

much higher photon flux (which is uniform across the whole wavelength range) enables the 

measurement of turbid or highly absorbing samples, thereby permitting spectra to be collected at 

much lower wavelengths, increasing the accuracy of structural assignment.
32

 In particular, SRCD 

overcomes the difficulties associated with emulsion turbidity and allows measurement of protein 

conformation at emulsion oil/water interfaces without the use of RI matched emulsions.
31

  

It is known that proteins adopt structures at interfaces different to that in solution and that 

the structure of proteins at the oil/water interface plays an important role in their ability to stabilise 

emulsions. However, there is very limited understanding of the exact nature of the conformational 

changes that proteins undergo upon adsorption to oil/water interfaces, or how their inherent native 

structure, or hydrophobicity of the oil phase, affects these conformational re-arrangements. 

Therefore this study sought to investigate the conformational changes of deamidated gliadins upon 

adsorption to emulsion oil/water interfaces by using SRCD in combination with fluorescence 

emission spectroscopy. Since the primary structure and conformation of deamidated gliadins are 

not well known, and the study of protein conformation at emulsion interfaces using SRCD is a 

relatively new technique, a second protein β-casein was studied as a comparison. β-casein provides 

a good comparison to deamidated gliadins because it has a largely random coil structure in 

solution, a similar distribution of hydrophilic/hydrophobic domains and similar interfacial 

rheological properties.
13, 16, 33, 34

 However β-casein differs from deamidated gliadins in that β-casein 

has no internal disulfide bonds, whereas deamidated gliadins have up to 4 disulfide bonds, all 

located in the C-terminal domain. This study seeks to develop further knowledge about 
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conformational changes of proteins upon adsorption to emulsion interfaces and to understand how 

they relate to the ability of proteins to stabilise emulsions. 
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Materials and Methods 

Materials  

Isolated wheat protein (IWP, 30-35% deamidation, 78% protein (N×6.25) and 6.7% 

moisture) and vital wheat gluten (VWG, 69% protein (N×5.7) and 7.2% moisture) were obtained 

from The Manildra Group (Nowra, NSW, Australia). Hexadecane, tricaprin (glyceryl tridecanoate) 

and camphorsulfonic acid (CSA) were purchased from Sigma-Aldrich (Denmark). Other chemicals 

and bovine milk β-casein (C6905, minimum 90%) were purchased from Sigma-Aldrich (Sydney, 

Australia).  

Preparation of protein materials  

The gliadin-rich fractions were prepared from IWP and VWG using 70% aqueous ethanol. 

IWP or VWG dispersion (10 wt%) was prepared by dispersing the protein in 70% ethanol and 

mixed using an Ultra-turrax at 9500 rpm for 1 min. The protein dispersion was then gently stirred 

for 1 h at room temperature and centrifuged at 10,000 g for 45 min at 10 °C using a Beckman J2-

MC centrifuge (Beckman Coulter, Australia). Ammonium chloride solution (1.5 M, 2 × volume of 

the supernatant) was added to the supernatant to precipitate the protein overnight at 4 °C. 

Following centrifugation at 10,000 g for 45 min at 10 °C, the precipitate was then washed with 

deionised water twice to remove residual ammonium chloride. The protein pellet was then freeze-

dried. The resulting gliadin-rich fractions were used throughout the study. 

A laboratory sample of deamidated gliadins was prepared using the gliadin fraction 

enriched from VWG. The protein was dispersed in 0.2 M HCl (10 wt%) and heated at 70 °C for 2 h 

with constant stirring in a sealed glass container. The dispersion was then cooled to room 

temperature (~22 °C) and adjusted to pH 7 using 1 M NaOH. The dispersion was centrifuged at 

10,000 g for 15 min at 10 °C and its supernatant was collected. The supernatant was dialysed 

(8,000 Da cut off) against deionised water (3 × 5L) at 4 °C overnight and then freeze-dried.  

The degree of deamidation was determined using an ammonia test kit (Randox, Crumlin, 

United Kingdom) and calculated by comparing the ammonia content measured from the sample to 

that of a totally deamidated gliadins, prepared by heating the protein in 2 M HCl at 98 °C for 3 h.  

Size Exclusion – High Performance Liquid Chromatography (SE-HPLC)  

SE-HPLC was conducted using a Shimadzu LC-20 HPLC system equipped with a UV-Vis 

detector. Protein dispersions were prepared in 50 mM sodium phosphate buffer (pH 6.8) containing 

0.5 wt% sodium dodecyl sulphate (SDS) and then mixed for 2 h using a vortex mixer. The 

dispersion of VWG or the insoluble fraction of IWP in buffer was sonicated for 10 min each time 
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to allow better dispersion of insoluble proteins. The protein dispersions were then centrifuged at 

10,000 g for 5 min and filtered through 0.45 µm syringe filters. These samples (20 µL) were then 

injected into a Phenomenex BIOSEP-SEC-S4000 column and run at 0.5 mL/min in a 50 mM 

sodium phosphate buffer (pH 6.8). The elution profiles were monitored at 214 nm.  

Sodium-dodecyl-sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

SDS-PAGE was performed according to the method of Kasarda et al. (1998) and modified 

by McCann et al. (2009).
35, 36

 Protein samples (10 µL, 3.8 mg/mL) were dissolved in a sample 

buffer containing 11.25 mM Tris-HCl, 3.6 wt% SDS, 18 wt% glycerol, at pH 8.6. Electrophoresis 

was carried out at 100 V for 45 min and then 120 V for 1 h in morpholinoethanesulfonic (MES) 

running buffer containing 50 mM MES, 50 mM Tris base, 0.1% SDS, 1 mM 

ethylenediaminetetraacetic acid (EDTA), pH 7.3. After electrophoresis, the gels were stained with 

0.1 wt% Coomassie brilliant blue-R250 (in 40 wt%/10 wt% methanol/acetic acid) for 25 min and 

then de-stained overnight in a solution of 10 wt%/7.5 wt% methanol/acetic acid. The gels were 

photographed using a Kodak digital camera controlled by Kodak 1D v3.5 software. 

Protein solutions for SRCD measurements  

The protein solutions (1 wt%) were prepared in 20 mM McIlvaine’s buffer (19.45 mL, 20 

mM Na2HPO4 and 0.55 mL, 0.1 M citric acid, pH 8) and gently stirred for 2 h prior to use for 

SRCD measurements. Solutions containing non-deamidated gliadin fraction were prepared by 

constant stirring overnight at 4 °C, followed by centrifugation at 14,000 g using a bench-top 

centrifuge for 5 min to remove the insoluble protein. The protein concentration in the solution was 

determined by measuring the absorbance at 280 nm using a 0.1 cm path length quartz cell and 

calculated using the extinction coefficient of 0.9551 for gliadins or 0.5772 for β-casein.
37

 The 

extinction coefficient of gliadins was determined by measuring the absorbance of gliadin fractions 

in solution whose concentrations have been determined by the Leco total nitrogen method, at 280 

nm. 

Preparation of emulsions  

The optimum amount of protein required to obtain a stable emulsion for 24 h with the 

majority of proteins adsorbed onto the emulsion interface was determined according to the method 

of Zhai et al. (2010). Briefly, a series of 20% (v/v) oil-in-water emulsions stabilized by 0.1-1% 

(w/w) protein were prepared by homogenization at room temperature. The particle size of the 

emulsions was determined immediately after emulsion preparation, and again after 24 h storage. 

The residue protein in the aqueous phase was determined by centrifuging the emulsion at 5,000 × g 

for 20 min and analysis of nitrogen content in the lower aqueous phase using a LECO
®
 FP2000 
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instrument. In all cases, the optimum protein concentration was 0.3 wt% (protein base) in the final 

emulsions. This protein concentration was therefore used to prepare emulsions for SRCD 

measurements. The emulsions were prepared by homogenising 20 wt% hexadecane or tricaprin 

with 80 wt% aqueous protein solution (pH 8) using an Ultra-turrax mixer at 11,500 rpm for 2 min 

at room temperature (~22 °C), followed by two passes through a high-pressure valve homogenizer 

at approximately 500 bar (EmulsiFlex C5, Avestin, Canada). The emulsions were freshly prepared 

immediately prior to each experiment, stored at 4 °C and measured again after 24 h.  

SDS stabilised oil-in-water emulsions were prepared by homogenising 20 wt% hexadecane 

or tricaprin with 80 wt% aqueous solution (pH 8) at room temperature (~22 °C), under the same 

conditions as described above for the preparation of protein stabilised oil-in-water emulsions. The 

emulsion contained 0.45 wt% SDS and was used for SRCD baseline correction. Care was taken so 

that the SDS stabilized emulsion had similar light scattering properties to the sample protein 

stabilized emulsion as shown by Zhai et al. (2010). 

Particle size determination  

Emulsion droplet size was measured by laser light scattering using a Malvern Mastersizer 

2000 instrument (Malvern Instruments Ltd, Worcestershire, UK). An aliquot of the emulsion 

sample was transferred into the recirculating water of a Hydro SM sample dispersion unit until an 

obscuration rate of 10-20% was obtained. A differential refractive index of 1.078 (1.434 for 

hexadecane/1.33 for water) or 1.102 (1.466 for tricaprin/1.33 for water) and absorption of 0.001 

were used as the optical properties of the emulsion. The droplet size distribution of the emulsion 

was then obtained via a best fit between light scattering (Mie) theory and the measured light 

scattering pattern. The mean emulsion droplet size is quoted as the volume-length mean diameter 

d4,3 (d4,3 = Σnidi
4
 / Σnidi

3
). The results reported are an average of three measurements. 

SRCD measurements  

SRCD measurements were carried out on the UV-VUV CD1 beamline at the ASTRID 

synchrotron radiation source, Institute for Storage Ring Facilities (ISA), Aarhus University in 

Denmark.
38, 39

 The SRCD spectrometer was calibrated daily using camphorsulfonic acid for optical 

rotation magnitude and wavelength.
40

  

A 0.01 cm path length quartz Suprasil cell (Hellma GmbH & Co., Germany) was used for 

far-UV SRCD measurements at 25 °C and the baseline was corrected using 20 mM McIlvaine’s 

buffer (pH 8) for protein solutions and SDS hexadecane or tricaprin emulsions for protein stabilised 

oil-in-water emulsions. The far-UV SRCD spectra were recorded at from 270 to 170 nm in 1 nm 

steps, 2.1 s averaging time, and 3 scans for protein solution sample or 8 scans for emulsion sample.  



135 

 

SRCD data analysis and calculation of protein secondary structure  

All spectra were processed using CDtool software.
41

 Each spectrum was calibrated, 

averaged, smoothed using a 7 point Savitzky-Golay smoothing filter and baseline subtracted. All 

spectra presented were truncated at a certain low wavelength where the high tension (HT) dynode 

voltage was higher than 1.1 kV, indicating the point of which the transmitted light levels to the 

detector was too low for accurate measurements. The spectra were converted to mean residue 

ellipticity (θ) units using a mean residue weight of 110 for gliadins and 114.9 for β-casein.
42, 43

  

The proportions of each secondary structure components were determined using a web-

based calculation server DICHROWEB that incorporates various methods and a wide range of 

protein spectral databases.
44

 The calculation method used in this study was CDSSTR with the 

reference set SP175 (optimised for 175-240 for protein in solution and 190-240 nm for emulsion).
45

 

Front-Face Fluorescence  

The tryptophan emission fluorescence spectra were recorded using a Perkin-Elmer LS-55 

spectro-fluorophotometer equipped with a front-face-fluorescence accessory. Protein solutions 

(0.04 mg/mL)
 
were prepared in 20mM McIlvaine’s buffer (pH 8) and stirred for 2 h. Protein-

stabilized emulsions were freshly prepared as described above. The fluorescence spectra of the 

samples were all recorded in the front-face configuration using an excitation wavelength of 280 

nm, with 1 nm resolution, 10 nm slit width and a scanning speed of 100 nm/min.
46 
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Results and Discussion 

Secondary structure of deamidated gliadins in solution  

Gluten proteins contain a mixture of monomeric gliadins with a molecular weight (MW) 

between 30,000 and 60,000 Da and glutenins who have the potential to form polymers with a MW 

ranging from about 80,000 Da to several million.
47

 Gliadin fractions corresponding to the 

deamidated and native form were enriched from commercial sources of deamidated and native 

gluten respectively. The protein contents of gliadin-rich fractions, non-deamidated and deamidated, 

were 85.9% and 79.2% repectively. The SE-HPLC chromatograms in Fig. 1A and 1B demonstrate 

that there was a significant or complete reduction of the glutenin peak in the enriched gliadin 

fractions compared to original IWP or VWG respectively. However residual glutenin (likely to the 

non polymerised low molecular subunits) could be observed in the deamidated gliadin-rich fraction 

prepared from the commercial deamidated wheat protein (Fig. 1A), but was absent in the laboratory 

prepared deamidated gliadins (Fig. 1B). The corresponding SDS-PAGE gel images (Fig. 1C and 

1D) tend to suggest that the enriched deamidated gliadins and native gliadins were comprised of a 

significant fraction of gliadins (likely to be α-/β- and γ-type) in the MW range of 32,000-42,000 

Da.
42, 48

  

The deamidated gliadins had a degree of deamidation of approximately 35%, whereas the 

laboratory prepared deamidated gliadins had a slightly lower degree of deamidation of 29%. The 

secondary structures of the native gliadins and deamidated gliadins in solution were investigated 

using far-UV SRCD. Their spectra are shown in Fig. 2. The high signal intensity of SRCD meant 

that a good quality CD spectra was obtained for the native gliadins even though gliadins are known 

to have low solubility in aqeous solutions near neutral pH. The protein concentration in solution 

was determined by UV/Vis spectrometry to be 0.15 mg/mL which was used for SRCD spectra 

correction. SRCD spectra of gliadins in solution exhibited minima at 222 nm and 208 nm, a peak 

maximum at 190 nm which is a typical feature of α-helical protein, and a zero-crossing at 198 nm. 

Secondary structure analysis using CDSSTR and the SP175 reference set showed that gliadins 

contained 35% α-helix; 16% β-sheet; 14% β-turns and 35% unordered structure (Table 1). The CD 

spectra of native gliadins and the percentage of its secondary structural components were more 

similar to those of α- or γ-gliadins solubilised in 70% ethanol than those of the ω-gliadins measured 

by conventional CD.
42, 49

  

Upon deamidation, the spectra of deamidated gliadins (laboratory-prepared and that 

enriched from IWP) exhibited a shift in peak minima and zero-crossing towards lower wavelengths 

and a reduction in mean residue ellipticities (MRE) at 190 nm. The secondary structure analysis 

showed that deamidated gliadins contain 16-22% α-helical structure, which is lower than that in 
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native gliadins (Table 1). Conversely deamidated gliadins had higher proportions of β-sheet and 

unordered structures at 22-26% and 41-42% respectively, compared to 16% β-sheet and 35% 

unordered structures in native gliadins (Table 1). The retention of a moderate amount of helical 

structure indicates that the protein did not unfold completely after the deamidation. The differences 

in the secondary structure between the laboratory-deamidated gliadins (29% deamidation) and the 

deamidated gliadins prepared from the commercial source (35% deamidation) is likely due to the 

different degree of deamidation of the protein. A reduction in α-helical content up to 20% as a 

result of deamidation (40%) has also been reported by Matsudini et al. (1982).   

The primary structure of gliadins for α-/β- and γ-type is divided into two distinct domains, 

an N-terminal repetitive domain rich in glutamine and proline residues and a C-terminal non-

repetitive domain containing several hydrophobic residues and 6-8 cysteines involved in the 

formation of 3-4 intra-disulphide bonds.
47, 49, 50

 The repetitive and non-repetitive domains of the 

proteins formed different structures with the former having an extended conformation with an 

equilibrium between polyproline II-like structure and β-turns, and the latter a more compact 

globular structure rich in α-helix.
47

 Limited changes in SH- and SS-content during deamidation of 

wheat gluten have been previously reported.
13

 Partial unfolding of the protein caused by 

deamidation might be expected to expose hydrophobic patches previously buried within the 

globular structure of this domain. To assess the hydrophobic environment around the tryptophan 

residues, the fluorescence emission spectra of the tryptophan residue(s) were measured. Depending 

on the type of gliadin (α, β or γ), gliadins can contain between 1 and 3 tryptophan residues, at least 

one of which is located at the C-terminal domain.
51, 52

 Fig. 3 shows that the tryptophan fluorescence 

emission spectra of gliadins had a λmax at 351 nm, and that deamidated gliadins had a λmax at 353 

nm, i.e. a small shift towards longer wavelengths. It is known that the polarity of the environment 

surrounding tryptophan residues affects the fluorescence emission maximum (λmax).
53

 This shift 

towards longer wavelength implies that the tryptophan residue of deamidated gliadins was exposed 

to a more hydrophilic environment due to the partial unfolding of the protein upon deamidation.  

Conformation of deamidated gliadins upon adsorption at oil/water interfaces  

In this study, an approach developed by Zhai et al.
31, 52

 for the direct measurement of 

protein conformation at emulsion interfaces using SRCD was used to investigate the 

conformational changes of deamidated gliadins upon adsorption to oil/water interfaces. The 

approach utilises the high intensity of synchrotron radiation, together with appropriate correction 

for sample light scattering (by subtraction of the CD signals arising from an emulsion stabilised by 

a non-chiral emulsifier - SDS), to obtain high quality SRCD spectra from the protein in an 

emulsion system. Un-adsorbed protein in the continuous phase of the emulsion was limited by 

choosing an appropriate protein concentration to ensure sufficient surface coverage for the 
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emulsion to be stable within the timeframe of the experiments (Fig. 4). The lowest protein 

concentration c.a. 0.3 w/w%, at which only limited changes over 24 hr in the particle size was 

observed was used for the SRCD study. At this protein concentration, surface load measurements 

indicate that approximately 87% of the total protein was adsorbed at the oil droplets surface. With 

an average particle size d4,3 of 1.2 ± 0.03 µm, the amount of protein adsorbed at the interface at this 

protein concentration equates to a protein surface load of 2.0 mg/m
2
, which is very close to the 

saturation surface coverage of deamidated wheat protein previously measured by adsorbing the 

protein to the surface of latex particles which the is 2.3 ± 0.4 mg/m
2
.
16

   

Two emulsions, made from either tricaprin or hexadecane, were used to assess the 

conformational changes of deamidated gliadins upon adsorption to emulsion interfaces. The two oil 

phases had different polarities and were used in order to understand if solvation of proteins in the 

oil phase influences the conformation of proteins at oil/water interfaces. Fig. 5A shows the SRCD 

spectra of deamidated gliadins adsorbed at the two oil-in-water emulsion interfaces compared to 

the protein in solution. The secondary structure components derived from these spectra are 

summarised in Table 2. At the tricaprin/water interface, there was a 3.7% increase in α-helix and a 

4.5% reduction in β-sheet content of the protein adsorbed at the emulsion interface compared to its 

solution conformation. At the hexadecane/water interface, the protein exhibited a 7.2% increase in 

α-helix and a 7.1% reduction in β-sheet in its conformation compared to its solution conformation. 

Fig. 5B shows fluorescence emission spectra of deamidated gliadins adsorbed at each emulsion 

interface compared to in solution. There was a significant shift in λmax towards lower wavelengths 

of 347.5 nm and 344.5 nm for deamidated gliadins adsorbed at the tricaprin/water or 

hexadecane/water interface respectively compared to λmax of 353 nm for deamidated gliadins in 

solution.  

Overall, the adsorption of deamidated gliadins to oil/water interfaces caused only subtle 

changes in protein conformation. However, there was a systematic impact of the oil polarity on 

secondary structure of adsorbed protein demonstrated by a further increase in the α-helix content 

and tryptophan λmax shift towards shorter wavelength with the decrease in oil polarity. The shift in 

λmax suggests that the tryptophan residues located at the C-terminal of deamidated gliadins were in a 

more hydrophobic environment when the protein was adsorbed at emulsion oil/water interfaces, 

and further that these residues were in a more hydrophobic environment when at the 

hexadecane/water interface than at the tricaprin/water interface. This result is consistent with the 

molecular structure of the two oils, where tricaprin is less hydrophobic because of its glycerol head 

group and short aliphatic chains. The shift in tryptophan emission signals with oil polarity also 

supports the conclusion that the C-terminal domain of deamidated gliadins is anchored at the 

oil/water interface. Other studies have shown that the more hydrophobic C-terminus domain of 

gliadins was adsorbed to an emulsified oil droplet surface.
54

 There was also little change in the 
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protein conformation at the emulsion interfaces after 24 h (Table 2), suggesting that adsorption-

induced conformational change occurs within a very short period of time. However, it was noted 

that there was more rearrangement of the protein at the hexadecane/oil interface compared to that 

of the tricaprin/oil interface over 24 h aging of the emulsions. 

Changes (e.g. 3-6% increase in α-helix) in the conformation of deamidation gliadins upon 

adsorption to oil/water interfaces is small in comparison with many common food proteins studied 

to date, including lysozyme (~10%) and BSA (~9%), both of which have high internal disulfide 

cross-links, are known to re-arrange and form re-ordered structures at interfaces.
26, 30, 31, 55, 56

 It 

could be that the unfolding caused by deamidation (from 35% α-helix in native protein reduced to 

16%) means that further refolding is not required upon adsorption to oil/water interfaces because 

deamidated gliadins in solution are in an optimal, partially unfolded conformation. In order to gain 

a better understanding of how open unfolded proteins behave upon adsorption to emulsion 

interfaces the structure of the more well-known dairy protein β-casein, which has a largely random 

coil structure, was studied using the same methods. 

Secondary structure of β-casein upon adsorption to oil/water interfaces  

Fig. 6A shows the far-UV SRCD spectra of β-casein in solution and absorbed at 

hexadecane/water and tricaprin/water interfaces. The SRCD spectrum of β-casein in solution had a 

minimum MRE at 200 nm with no zero-crossing in the far UV region, indicating a high degree of 

unordered structure. Analysis of the solution spectra of β-casein shows the presence of 

approximately 5.5% α-helix, 34.5% β-sheet, 15% turns, and 44.5% unordered structure (Table 3). 

This result is similar to that reported by Graham et al. (1984) using conventional CD measurements 

at 25 °C, pH 6.9, and to that predicted using molecular modeling, but with a slightly lower helical 

content and unordered structure than that reported by other studies.
24, 43, 57

 This may be due to the 

use of different mathematical fittings and algorithms to the CD spectra. 

Upon adsorption to emulsion oil/water interfaces, the SRCD spectra of β-casein showed 

significant changes – an increase in the intensity of the peak at 190 nm, a shift of peak minima 

towards 206 nm and the appearance of a peak at 222 nm. The latter was particularly visible for β-

casein at the hexadecane/water interface. The tryptophan fluorescence emission spectra also 

showed a significant shift in λmax towards lower wavelengths, 339.5 nm and 337.5 nm for β-casein 

absorbed at tricaprin/water and hexadecane/water interfaces respectively, compared to 349 nm for 

β-casein in solution (Fig. 6B). It is well known that casein undergoes structural re-ordering as a 

consequence of absorption to interfaces. However this is the first time that the structure of β-casein 

adsorbed at oil-in-water emulsion interfaces has been measured directly.  
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The dramatic changes in SRCD spectra of β-casein provides direct evidence that adsorption 

to oil/water interfaces induces a more ordered secondary structure. Secondary structure calculations 

confirm that there is a significant increase in β-casein α-helix content (rising from 5.5% in solution 

to 20% and 21.5% after its adsorption at tricaprin/water and hexadecane/water interface 

respectively), which is accompanied by corresponding decreases in β-sheet and unordered 

structures (Table 3). Caessens et al. compared β-casein conformation in solution with that at 

teflon/water interface and showed an increased amount of α-helix (20%) and a decreased amount of 

random coil structure of β-casein upon adsorption.
24

   

The hydrophobicity of the oil phase clearly had an influence on the conformation of β-

casein at the oil/water interfaces, there was an increase in the α-helix content and shifts in λmax 

towards shorter wavelength with the decreasing in oil polarity. Given that the only tryptophan 

residue in β-casein is located towards the C-terminal, the significant shift in tryptophan emission 

λmax when β-casein is absorbed to oil/water interfaces also suggests that the C-terminal of absorbed 

β-casein is in contact with the interface. Ageing of the emulsion had little impact on the 

conformation of absorbed β-casein at oil/water interfaces. This may be expected because flexible 

proteins such as β-casein would adopt re-ordered structures in order to lower the interfacial tension 

at the interface more quickly than globular proteins.
2, 4, 58

 

Comparison of the conformational structure of deamidated gliadins and β-casein at 

emulsion interfaces  

It is known that the conformation of proteins can change upon adsorption to emulsion 

interfaces. A reduction or increase in α-helix content upon adsorption have been reported for 

globular proteins such as lysozyme (~10% reduction), BSA (~9% reduction) and β-lactoglobulin 

(~15% increase), and for more flexible proteins such as casein (~15% increase).
24, 30, 59-62

 A major 

driving force for protein unfolding or reordering at interfaces is to increase the exposure of non-

polar groups to the hydrophobic environment. It would be expected then that adsorption to 

oil/water interfaces would have an effect on protein conformation and that this effect would be a 

function of oil phase polarity, particularly in the present case since hexadecane (~ 52.8 mN) and 

tricaprin (30 mN) have considerably different interfacial tensions.
63

 Furthermore, in a parallel 

study, it was found that the degree of β-lactoglobulin conformational rearrangement at emulsion 

interfaces also scaled with the polarity of the oil phase.
52

 However in the present study, we found 

that there was little change in the conformation of deamidated gliadins upon its adsorption at 

oil/water interfaces. A number of factors might explain this lack of conformational re-arrangement 

upon adsorption. The most likely explanation is that re-ordering of deamidated gliadins is restricted 

by a number of internal disulphide linkages which constrain molecular mobility. It has been 

reported that the conformational changes of BSA upon adsorption to solid surfaces and/or emulsion 
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interfaces are much lower compared to those observed for other globular proteins.
30, 56

 This is 

thought to be due to the high degree of disulphide cross-links within BSA which constrain 

structural rearrangement. In the case of deamidated gliadins, the disulphide bonds located at the 

surface active C-terminus could provide an energy barrier which limits the proteins ability to adopt 

a more thermodynamically stable conformation upon adsorption to the interface. It is also possible 

that there is restricted mobility within the interfacial layer because of a high packing density of the 

protein. There has been extensive study of the rheological characteristics of protein interfaces, and 

it is increasingly being recognized that protein layers with high packing densities have highly 

restricted internal mobility.
4, 64, 65

 Restricted mobility within a protein interfacial layer can limit 

conformational re-arrangement of β-lactoglobulin, for example, as shown recently by Lin and 

White (2009).
66

 However, deamidated gliadins have a weak fluid interfacial rheology suggesting 

that there is high mobility within the layer.
16

 

An alternative, but much less likely, explanation is that the structure of deamidated gliadins 

may be in a state (i.e. the distribution of hydrophobic/hydrophilic domains, etc.) that requires no 

further conformational change upon adsorption to oil/water interfaces. Although the deamidation 

process resulted in only partial unfolding of native gliadins in solution, this partial unfolding, 

particularly at the C-terminal domain, was crucial as it exposed the hydrophobic residues that 

favour interaction with the oil phase. A conceptual model of how the structure of gliadins changes 

upon deamidation and its subsequent adsorption at oil/water interfaces is proposed in Fig. 7A. 

Deamidation increases the charge of the protein, particularly at the N-terminal domain, and partial 

unfolding of the C-terminal domain aids its adsorption to interfaces. This distribution of 

hydrophilic and hydrophobic domains allows the protein to adsorb to emulsion oil/water interfaces 

with an open structure resembling that of β-casein (Fig. 7B). The C-terminus is anchored into the 

oil phase and the N-terminus forms a tail which extends considerably (some 18 nm) into the 

aqueous phase. As a result, the protein forms a thick charged ‘hairy’ layer at the interface which 

provides excellent steric and electrostatic stabilisation to emulsion droplets. 

There are many similarities between deamidated gliadins and β-casein, the molecular size, 

and the distinctive distribution of hydrophilic and hydrophobic domains at N- and C-terminals 

respectively. One important difference between deamidated gliadins and β-casein is that 

deamidated gliadins have up to 4 intramolecular disulphide bonds at its C-terminal domain, 

whereas β-casein contains no cysteine residues. The more flexible β-casein undergoes a structural 

rearrangement upon adsorption (Fig. 7B). Deamidated gliadins on the other hand, undergo minimal 

re-arrangement upon adsorption to oil/water interfaces, most likely due to the internal disulphide 

bonds. What is consistent is that both proteins adopt a helical structure upon adsorption to emulsion 

oil/water interfaces. There is growing evidence from a number of recent studies of other proteins 

which suggests that there is a preference for the formation of α-helical motifs upon adsorption to 
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oil/water interfaces.
31

 The preference for this conformation may be governed by the need to form 

amphipathic moities, as is the case with membrane proteins which also show a high propensity for 

α-helical motifs.
67, 68
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Conclusions 

Conformational changes to deamidated gliadins and β-casein upon adsorption to oil/water 

interfaces were investigated using synchrotron radiation circular dichroism (SRCD) and front face 

fluorescence spectroscopy. The secondary structure of deamidated gliadins was largely unchanged 

upon adsorption to both tricaprin oil-in-water and hexadecane oil-in-water interfaces. This is likely 

due to the high numbers of internal disulphide linkages at the C-terminal domain of gliadins which 

limited molecular mobility of protein upon adsorption to the interfaces. β-casein, on the other hand, 

underwent a structure re-ordering with a significant increase in the protein’s α-helix content and 

corresponding decrease in the proportion of un-ordered structure after it was absorbed to the 

oil/water interafaces. A slight increase in the α-helical content and a shift of tryptophan 

fluorescence emission maxima towards lower wavelength were observed for both proteins 

absorbed at hexadecane/water interface compared to tricaprin/water interface. The results 

demonstrate that conformational rearrangement of proteins upon adsorption to emulsion interfaces 

is dependent not only on the hydrophobicity of the oil phase, but more importantly on the 

conformational flexibility of the protein. The results also confirmed that deamidated gliadins 

underwent limited re-arrangement at the interface upon adsorption and corroborate our previous 

findings that its ability to provide excellent emulsion stability, particularly against coalescence and 

thermally induced aggregation, is attributed by its hydrodynamic size and molecular packing at the 

interface (~18 nm thickness).    
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Table 1: The secondary structure composition (% α-helix, β-sheet, turns and unordered) of gliadins isolated from 

wheat gluten (not deamidated), laboratory prepared deamidated gliadins and deamidated gliadins isolated from 

deamidated wheat protein derived from deconvolution of the respective SRCD spectra.* The results are average of 

2 separate measurement of each sample with a difference less than 0.5%. 

SRCD 
Degree of 

deamidation 
α-Helix β-Sheet Turns Unordered 

Gliadins  0 % 35.0 16.0 14.0 35.0 

Lab-prepared deamidated 

gliadins 
29 % 22.0 22.3 15.0 40.7 

Deamidated gliadins 35 % 16.3 26.0 15.7 42.0 

*Analysis algorithm CDSSTR with the reference data set SP175 was used to obtain secondary structure 

calculation.45 The normalised root mean square deviation (NRMSD) for all spectra obtained was below 0.03. 

 

Table 2: The secondary structure composition (% α-helix, β-sheet, turns and unordered) of deamidated gliadins 

(~35% deamidation) in solution and adsorbed at tricaprin/water or hexadecane/water interface derived from 

deconvolution of the respective SRCD spectra.* The results are average of 2 separate measurement of each sample 

with a difference less than 0.5%. 

 

Deamidated gliadins α-Helix β-Sheet Turns Unordered 

In solution: 16.3 26.0 15.7 42.0 

At emulsion interfaces: 

tricaprin/water, 0 h 

 

20.0 

 

21.5 

 

17.0 

 

41.5 

tricaprin/water, 24 h 19.5 22.3 16.5 41.5 

hexadecane/water, 0 h 23.5 18.9 16.5 41.0 

hexadecane/water, 24 h 20.5 20.5 17.0 42.0 

*Analysis algorithm CDSSTR with the reference data set SP175 was used to obtain secondary structure 

calculation.45 The normalised root mean square deviation (NRMSD) for all spectra obtained was below 0.03. 

 

Table 3: The secondary structure composition (% α-helix, β-sheet, turns and unordered) of β-casein in solution 

and adsorbed at tricaprin/water or hexadecane/water interface derived from deconvolution of the respective 

SRCD spectra.* The results are average of 2 separate measurement of each sample with a difference less than 

0.5%. β-casein α-Helix β-Sheet Turns Unordered 

In solution: 5.5 34.5 15.0 44.5 

At emulsion interfaces: 

tricaprin/water, 0 h 

 

20.0 

 

23.0 

 

16.0 

 

41.0 

tricaprin/water, 24 h 20.0 22.5 16.0 41.0 

hexadecane/water, 0 h 22.5 24.0 14.0 38.5 

hexadecane/water, 24 h 23.0 23.0 15.0 38.5 

*Analysis algorithm CDSSTR with the reference data set SP175 was used to obtain secondary structure 

calculation.45 The normalised root mean square deviation (NRMSD) for all spectra obtained was below 0.03. 
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Figure Legends 

Figure 1: Characterisation of protein fractions prepared using 70% ethanol. (A) SE-HPLC 

chromatograms of deamidated wheat protein (IWP), its corresponding deamidated gliadin-rich 

fraction and the glutenin-rich fraction; (B) SE-HPLC chromatograms of wheat gluten (VWG), its 

corresponding gliadin-rich fraction and the glutenin-rich fraction; (C) SDS-PAGE gel images of 

IWP (lane 2) and deamidated gliadin-rich fraction (lane 3); (D) SDS-PAGE gel images of VWG 

(lane 2) and gliadins (lane 3). Lane 1 – protein molecular weight marker.  

Figure 2: Far-UV SRCD spectra of gliadins, laboratory deamidated gliadins (29 % deamidation) 

and deamidated gliadins (35 % deamidation) in solution at pH 8. 

Figure 3: Tryptophan fluorescence emission spectra of gliadins and deamidated gliadins (~35 % 

deamidation) in solution at pH 8. 

Figure 4: Mean particle size (d3,4) of 20 w/w% oil-in-water emulsions stabilized by deamidated 

gliadins at protein concentrations ranging from 0.1 – 1.0 w/w%. Measurements were carried out 

immediately after emulsion preparation and after 24 h. Values are the average of three individual 

measurements and error bars represent the standard deviations. 

Figure 5: (A) Far-UV SRCD spectra and (B) tryptophan emission spectra of deamidated gliadins 

(35 % deamidation) in solution at pH 8, adsorbed at tricaprin oil/water and hexadecane oil/water 

interfaces.  

Figure 6: (A) Far-UV SRCD spectra and (B) tryptophan emission spectra of β-casein in solution, 

adsorbed at tricaprin oil/water and hexadecane oil/water interfaces. 

Figure 7: Graphic illustrations of conformational changes in protein structure. (A) Wheat gliadins 

(based on sequence CAB75404 for γ-gliadin
51

) upon deamidation and subsequent adsorption at the 

oil/water interfaces. Gliadins comprise two distinctive domains, an N-terminal repetitive domain 

rich in β-turns structure and a C-terminal domain globular structure rich in α-helix.
47,49

 

Deamidation leads to an increased charge at N-terminal domain and partial unfolding of the C-

terminal globular structure resulted in a decrease of α-helix content. No further changes in 

secondary structure of deamidated gliadins upon adsorption at oil/water interfaces with its C-

terminus anchored into the oil phase and highly charged N-terminus extending to the aqueous 

phase. (B) β-casein with largely random coil structure in solution undergoes structure re-

arrangement upon adsorption to the emulsion interface with its hydrophobic C-terminus located in 

the oil phase and hydrophilic N-terminus extended into the aqueous phase.
3
 Both proteins have 

similar secondary structure components at emulsion interfaces (Tables 3 and 4).  



152 

 

(A)        (C) 

           

(B)        (D) 

 

 

Figure 1 

  

2500

2000

1500

1000

500

0

A
b
s
o

rb
a

n
c
e

 a
t 
2

1
4

 n
m

 (
m

A
U

)

302520151050

Retention time (min)

 IWP
 Deamidated gliadin
 Residue glutenin

Glutenin

Gliadin

3000

2500

2000

1500

1000

500

0

A
b

s
o

rb
a

n
c
e

 a
t 
2

1
4

 n
m

 (
m

A
U

)

302520151050

Retention time (min)

Gliadin

Glutenin

 VWG
 Gliadin fraction
 Glutenin fraction

α- 

ω- 

γ- 

α-

ω-

γ-
α-

ω-

γ-
α-

ω-

γ-



153 

 

 

 

 
 

 

Figure 2 

  

-20

-10

0

10

20

M
R

E
 ×

1
0

3
 (

d
e

g
c
m

2
d

m
o

l-1
re

s
-1

)

260240220200180

Wavelength (nm)

 Deamidated gliadins
 Lab-deamidated gliadins
 gliadins



154 

 

  
 

 

Figure 3 

  

800

600

400

200

0

F
lu

o
re

s
c
e

n
c
e

 a
.u

.

400380360340320300
Wavelength (nm)

 

 Deamidated gliadins
 Gliadins

351

353



155 

 

 

 

Figure 4 

4

3

2

1

A
v
e
ra

g
e

 d
ro

p
le

t 
s
iz

e
 d

4
,3

 (
µ

m
)

1.00.80.60.40.20.0

Protein conc % (w/w)

 at 0 h
 at 24 h



156 

 

 

 

Figure 5 

 

  

-15

-10

-5

0

5

10

15

M
R

E
 ×

1
0

3
 (

d
e

g
c
m

2
d

m
o

l-1
re

s
-1

)

260240220200180

Wavelength (nm)

 Solution
 Tricaprin/water
 Hexadecane/water

Deamidated gliadins (A)

800

600

400

200

0

F
lu

o
re

s
c
e

n
c
e

 a
.u

.

400380360340320300

Wavelength (nm)

 Solution
 Tricaprin/water
 Hexadecane/water

353

347.5

344.5

Deamidated gliadins (B)



157 

 

 

 

Figure 6 

 

  

-15

-10

-5

0

5

10

15

M
R

E
 ×

1
0

3
 (

d
e

g
c
m

2
d

m
o

l-1
re

s
-1

)

260240220200180
Wavelength (nm)

 Solution
 Tricaprin/water
 Hexadecane/water

 

ββββ-casein (A)

800

600

400

200

0

F
lu

o
re

s
c
e

n
c
e

 a
.u

.

400380360340320300
Wavelength (nm)

 Solution
 Tricaprin/water
 Hexadecane/water

349
337.5

339.5

ββββ-casein (B)



158 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. 

 

 

Figure 7 
 

Deamidated

gliadin
(A)

(B)

Gliadin

Deamidated

gliadin
(A)

(B)

Gliadin



159 

 

 

 

 

Chapter 6 

Revisiting β-casein as a stabilizer for lipid liquid crystalline 

nanostructured particles 

 

 

 

 
A cryo-TEM image of β-casein-stabilized GMO cubosomes 

 

 



160 

 

Manuscript submitted to Langmuir 

 

 

 

Revisiting β-casein as a stabilizer for lipid liquid crystalline 

nanostructured particles 

 

Jiali Zhai1,2, Lynne Waddington3, Tim J. Wooster2,#, Marie-Isabel Aguilar1,* and 

Ben J. Boyd4,* 

 

 

1 Department of Biochemistry and Molecular Biology, Monash University, Clayton, VIC 3800, Australia 

2 CSIRO Food and Nutritional Sciences, 671 Sneydes Road, Werribee, VIC 3030, Australia 

3CSIRO Materials Science and Engineering, 343 Royal Pde, Parkville VIC 3052, Australia 

4Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, Monash 

University (Parkville Campus), 381 Royal Pde, Parkville VIC 3052, Australia 

#Present Address: Nestlé Research Centre, CH-1000 Lausanne 26, Switzerland 

 

*Corresponding author:  

Prof. Marie-Isabel Aguilar,  

Department of Biochemistry & Molecular Biology,  

Monash University, Clayton, Vic 3800, Australia 

mibel.aguilar@monash.edu 

Ph: +61-3-9905-3723  

Fx: +61-3-9902-9500 

 

Assoc. Prof. Ben J. Boyd, 

Drug Delivery, Disposition and Dynamics, 

Monash Institute of Pharmaceutical Sciences, 

Monash University (Parkville Campus), 381 Royal Pde, Parkville, Vic 3052, Australia 

ben.boyd@monash.edu 

Ph: +61-3-99039112 

Fx: +61-3-99039560 

 



161 

 

Abstract 

Lipid liquid crystalline nanostructured particles such as cubosomes and hexosomes have 

unique internal nanostructures that have shown great potential in drug and nutrient delivery 

applications. The triblock copolymer, Pluronic F127, is usually employed as a steric stabilizer in 

dispersions of lipid nanostructured particles. In this study, we investigated the formation of 

glyceryl monooleate (GMO) and phytantriol (PHYT) cubosome dispersions using β-casein 

compared to Pluronic F127 as the stabilizer. Internal structure and particle morphology were 

evaluated using small angle X-ray scattering (SAXS) and cryo-transmission electron microscopy 

(cryo-TEM), while protein secondary structure was studied using synchrotron radiation circular 

dichroism (SRCD). The GMO cubosome dispersion stabilized by β-casein alone displayed a cubic 

(Pn3m) phase structure and a cubic to hexagonal phase transition at 60 °C. In comparison, Pluronic 

F127-stabilized GMO dispersion had a cubic (Im3m) phase structure and the hexagonal phase only 

appeared at higher temperature, i.e. 70 °C. In the case of PHYT dispersions, only the cubic (Pn3m) 

phase structure was observed irrespective of the type and concentration of stabilizers. However, β-

casein-stabilized PHYT dispersion displayed a cubic to hexagonal to micellar transition behaviour 

upon heating, whereas Pluronic F127-stabilized PHYT dispersion displayed only a direct cubic to 

micellar transition. The protein secondary structure was not disturbed by interaction with GMO 

cubosomes. The results demonstrate that β-casein provides steric stabilization to dispersions of 

lipid nanostructured particles and avoids the transition to Im3m structure in GMO cubosomes, but 

also favours the formation of the micellar phase, which has implications in drug formulation and 

delivery applications.  
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Introduction 

The liquid crystalline phase behaviour of polar lipids in an aqueous environment has been 

well studied.
1-5

 Some polar lipids, such as glyceryl monooleate (GMO) and phytantriol (PHYT), 

self-assemble in excess water to form remarkable structures with long-range periodicity, but short-

range disorder at atomic distances, termed lyotropic liquid crystalline phases. The chemical 

structures of GMO and PHYT and illustration of structures that they form in excess water are given 

in Figure 1. GMO is the most commonly studied lipid known to form liquid crystalline phases in 

excess water.
4, 6-8

 PHYT is a lipid that has received increasing attention because of its relative 

stability and purity compared to GMO. Studies have shown PHYT exhibits liquid crystalline phase 

behaviour very similar to that of GMO.
9, 10

 Both GMO and PHYT in excess water can form an 

inverse bicontinuous cubic (V2) phase at ambient temperatures, an inverse hexagonal (H2) phase 

and an inverse micellar (L2) phase at higher temperatures (Figure 1).
 
The V2 phase consists of a 

network of two non-intersecting water channels separated by a single continuous lipid bilayer. 

There are three different geometries identified for the V2 phase based on infinite periodic minimal 

surfaces (IPMS). They are primitive, diamond, and gyroid types with an Im3m, Pn3m, and Ia3d 

space group respectively. The H2 phase consists of infinite cylinders of water molecules in a 

continuous medium of lipid. The cylinders are arranged in a hexagonal array. The L2 phase consists 

of water-in-oil micelles with the head groups sequestered in the micelle core and the hydrocarbon 

chains extend away.  

A consequence of the thermodynamic stability of these structures in excess water is that 

they can be mechanically dispersed to form particles that retain the internal nanostructure of the 

‘parent’ phase at high dilution (Figure 1). Dispersions of cubic and hexagonal phases have been 

termed ‘cubosomes’ and ‘hexosomes’ respectively. To make kinetically stable dispersions, a steric 

stabilizer is required to prevent rapid aggregation of the particles, which is driven by van der Waals 

and hydrophobic interactions. Larsson first described this phenomenon using β-casein as a steric 

stabilizer for GMO-based cubosomes.
4, 11

 However, since the discovery that the block co-polymer 

Pluronic F127 is a highly effective stabilizer for these dispersions,
12

 it has become the stabilizer of 

choice for studies of cubosomes and hexosomes.
10, 13-16

 However, recent studies have indicated that 

Pluronic F127 is not necessarily the optimal stabilizer for cubosomes.
17

 

Both the non-dispersed liquid crystalline phases and the dispersed cubosomes and 

hexosomes are of particular interest to the pharmaceutical and food industries due to their potential 

to protect and control the release of cargo molecules.
5, 7, 18-26 

Given the interest in application of 

these materials in oral drug and nutrient delivery, the development of a biocompatible stabilizer is 

important. The use of peptides and proteins is a logical option for natural stabilizers for such 

systems based on the early reports on β-casein,
4, 11

 however they do not appear to have been further 
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explored. β-Casein is highly amphiphilic and has a flexible, linear structure, which has made it an 

excellent stabilizer in other dispersion systems such as oil-in-water emulsions.
27-29

 Studies using 

synchrotron radiation circular dichroism (SRCD) spectroscopy and neutron reflectivity have shown 

that β-casein adsorbs to the oil-water interface of emulsions and adopts a characteristic interfacial 

structure to provide steric stabilization to prevent oil particle aggregation.
30, 31

 In the dispersion 

systems of cubosomes and hexosomes, there is little understanding of the interaction between 

protein and the lipid-water interface. Moreover, no X-ray diffraction data supporting internal 

nanostructures of cubosomes and hexosomes dispersed by β-casein have been reported. Further, 

Larsson’s early study using freeze fracture transmission electron microscopy (TEM) indicated that 

the Ia3d gyroid cubic phase structure was present for GMO cubosomes dispersed with caseins, 

which would be unusual in an excess water environment for GMO systems.
11

 

Consequently, the aims of this study were to investigate the ability of β-casein to replace 

Pluronic F127 for the dispersion of GMO and PHYT into cubosomes and hexosomes in excess 

water, and to gain a deeper understanding of its interaction with the internal liquid crystalline 

structure, and its association with the lipid-water interface.  Dispersions were prepared at varying 

ratios of β-casein and Pluronic F127. The particle size and morphology of the dispersed lipid 

systems were studied by dynamic light scattering (DLS) and cryo-TEM. Internal liquid crystalline 

structure was determined using small angle X-ray scattering (SAXS). The effect of increased 

temperature on the phase transition behaviour was examined to probe the nature of interaction of 

the stabilizer with the particle structure. Finally, the effect of protein interaction with lipid 

nanostructured particles on protein secondary structure was studied using SRCD.  
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Materials and Methods 

Materials 

 Myverol 18-99K was donated by Kerry Bio-Science (Norwich, NY) and was used for 

glyceryl monooleate (GMO)-based samples. Myverol 18-99K contains 58.3% GMO (C18:1), 

12.2% glyceryl monolinoleate (C18:2), 5.1% glyceryl monolinolenate (C18:3), 3.9% glyceryl 

monopalmitate (C16:0), 1.7% glyceryl monostearate (C18:0), 0.96% glyceryl monogadoleate 

(C20:1), 0.2% glyceryl arachidonate (C20:4), 0.1% free fatty acids and 0.4% glycerol. Trace 

amounts of unquantified diglycerides are also believed to be present. Phytantriol (3,7,11,15-

tetramethyl-1,2,3-hexadecanetriol, PHYT) was a gift from DSM (Basel, Switzerland), with a 

nominal purity of >96.6%. β-Casein (BioUltra, ≥98% PAGE), Pluronic F127 (F127) and sodium 

phosphate (monobasic and dibasic) were purchased from Sigma (St. Louis, MO). These chemicals 

were used without further purification. Milli-Q grade water (Millipore, Billerica, MA) was used for 

all sample preparation.  

Sample preparation 

 Separate stock solutions of β-casein (1% w/w) and F127 (1% w/w) were prepared in 10 

mM sodium phosphate buffer, pH 7. These stock solutions were then mixed at various ratios to 

obtain the desired ratio of β-casein : F127 (at 1 % w/w) for subsequent preparation of lipid-based 

dispersions. The ratio α represents the mass fraction of β-casein in the total stabilizer, hence 

α =
[casein]

[casein] + [F127]
 

Lipid dispersions were prepared by drop-wise addition of 0.5 g of molten lipid to 5 g of the 

stabilizer solution (1% w/w) containing either β-casein, or F127, or mixtures of β-casein and F127. 

The sample was immediately ultrasonicated for 20 min using a Branson Sonifier at a power of 

approximately 80 W, resulting in milky dispersions.  

Dynamic light scattering and cryo-TEM measurements 

 The particle size distribution for dispersions was measured using a Malvern Zetasizer Nano 

ZS (Malvern Instrument, UK). Samples were diluted with Milli-Q water and analyzed in a plastic 

cuvette at 25 °C. The absorbance of both lipids were set to 0.010 and used for calculations of 

particle size by the software. 

For cryo-TEM imaging a laboratory-built humidity-controlled vitrification system was 

used to prepare the samples. Humidity was kept close to 80% for all experiments. 200-Mesh copper 

grids coated with perforated carbon film (Lacey carbon film, ProSci Tech, Australia) were used. 
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Grids were first glow discharged in nitrogen to render them hydrophilic. 4 µL aliquots of the 

sample were applied onto each grid. After 30 s adsorption time, grids were blotted manually using 

Whatman 541 filter paper for approximately 2 s. Grids were then plunged into liquid ethane cooled 

by liquid nitrogen. The samples were examined using a Gatan 626 cryo-holder (Gatan, Pleasanton, 

USA) and a Technai 12 Transmission Electron Microscope (FEI, Eindhoven, The Netherlands) at 

an operating voltage of 120 kV, with a Megaview III CCD camera and AnalySIS camera control 

software.  

SAXS measurements 

 SAXS measurements were performed on an Anton Paar SAXess instrument with a Cu Kα 

radiation of wavelength 1.542 Å and a line collimation system. The SAXS camera was fitted on a 

1D-diode-array detector. The sample-to-detector distance was set to 306.8 mm, which provided a 

q-range of 0-0.6 Å
-1

. The SAXS profile of each sample was an average of two frames and the 

exposure time for each frame was 1800 s. Samples (20 µL) were contained in a quartz flow cell and 

temperature controlled by Peltier system. Temperature was set to 20 °C for measurements except 

for thermal ramp experiments. The optics and sample chamber were under vacuum to minimize air 

scatter. The q scale was calibrated using silver behenate. 

The software program SAXSquant was used to conduct baseline subtraction, integration 

and smoothing. The resulting SAXS profiles were a function of intensity versus the scattering 

vector q, which is defined by q = (4π/λ)(sin 2θ)/2, λ being the wavelength and 2θ the scattering 

angle. The mean lattice parameter, a, of each liquid crystalline phase was calculated from the inter-

planar distance, d (d = 2π/q), using the appropriate scattering law.
32 

 For the L2 phase, which shows 

only one broad peak, d is termed the characteristic distance.
33

  

SRCD measurements 

 SRCD measurements were performed on the CD1 beam line of the SRCD station at the 

ASTRID storage ring using methods previously described.
30, 31, 34

 A Suprasil cell (Hellma GmbH & 

Co., Germany) of 0.01 cm path length was used for far-UV SRCD measurements at 20 °C. The 

operating conditions were: 1 nm bandwidth, 2.15 s averaging time, 3 scans for solution sample or 8 

scans for dispersion sample. F127-stabilized lipid dispersions were used as the baseline. Spectra of 

β-casein-stabilized lipid dispersions were baseline subtracted and processed using CDtool 

software.
35

 The spectra are presented as mean residue ellipticity [θ], based on a mean residue 

weight of 114.9 for β-casein calculated from its sequence.  
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Results 

β-Casein stabilization of GMO-based nanostructured particles 

The GMO-based dispersions formed with α = 1, where only β-casein was present, were 

milky high quality emulsion-like systems, with mean particle size = 262.9 ± 16.2 nm and 

polydispersity index = 0.282 ± 0.014. The overall particle size distribution was larger than that with 

α = 0, where only F127 was used as the stabilizer (mean particle size = 181.5 ± 0.7 nm, 

polydispersity index = 0.106 ± 0.019). GMO-based dispersions containing mixtures of β-casein and 

F127 had average particle sizes of 180-280 nm and polydispersity indices of < 0.3 (Table S1 in 

Supporting Information). There was, however, no clear trend in the particle size with change in 

ratio (α) of β-casein : F127.  

Figures 2A and B show two representative cryo-TEM images of the GMO cubosome 

dispersion stabilized by 1% β-casein (α = 1). It can be seen that the cubosomes possessed internal 

nanostructures consistent with observations for F127-stabilized cubosomes. Interestingly, there was 

no evidence of other types of lipid self-assembled structures such as liposomes in the field of view. 

In comparison, cryo-TEM examination of F127-stabilized GMO dispersions has revealed that a 

large amount of lipid vesicles often co-exist with cubosomes.
13, 15, 16, 36

 

SAXS patterns obtained from the GMO dispersions stabilized by varying ratios of β-casein 

and F127 are shown in Figure 2C. The GMO dispersion formed without β-casein (α = 0) had peaks 

at q values of 0.0656 Å
-1

, 0.0941 Å
-1

 and 0.115 Å
-1

, which correspond to peak spacing ratios √2, 

√4, √6. This indicated that the nanostructure was the V2 phase with an Im3m space group (primitive 

type of IPMS, CP), commonly observed for F127-stabilized GMO dispersion. Increasing α towards 

1 by substitution of F127 by β-casein induced a transition in structure for the GMO dispersions 

from the V2 (Im3m) phase to the V2 (Pn3m) phase (Figure 2C). The V2 (Pn3m) phase (double 

diamond type of IPMS, CD) was identified in SAXS patterns with peaks of spacing ratios √2, √3, 

√4. The V2 (Pn3m) phase co-existed with the V2 (Im3m) phase from between 0.2 ≤ α ≤ 0.4. When 

the fraction of β-casein (α) was above 0.5, the V2 (Im3m) phase no longer existed. The results 

therefore indicate that β-casein alone provides similar stabilization to GMO cubosome dispersions 

as F127, but without perturbation of the V2 (Pn3m) internal nanostructure. 

The corresponding lattice parameters derived from SAXS patterns are shown in Figure 2D. 

The V2 (Im3m) phase at α = 0 had a lattice parameter of 134 ± 1 Å, in agreement with previous 

studies for GMO dispersions stabilized by F127.
16, 37, 38

 Addition of β-casein resulted in a transition 

to the V2 (Pn3m) phase with a smaller lattice parameter (approximately 100 Å) also consistent with 
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the lattice parameter for the V2 (Pn3m) structure for the bulk GMO cubic phase in the absence of 

F127.  

β-Casein stabilization of PHYT-based nanostructured particles 

The PHYT-based dispersions had average particle sizes of 280-430 nm and polydispersity 

indices of < 0.5 (Table S1 in Supporting Information). In contrast to the GMO dispersions, β-casein 

was not able to produce stable cubosome dispersions when present as the sole stabilizer, with rapid 

aggregation and phase separation occurring under the same preparation conditions as for the GMO 

dispersions. In fact only at α ≤ 0.8, where 20% the β-casein was replaced with F127, could stable 

dispersions be prepared. PHYT generally produces larger particles at equivalent stabilizer 

concentration compared to GMO dispersions.
10

 

The overall larger particle size was reflected in the cryo-TEM imaging for PHYT particles 

in which larger particles were generally observed compared to the images for GMO. Figures 3A 

and 3B illustrate two representative cryo-TEM images for PHYT cubosome dispersions stabilized 

by 0.7% β-casein + 0.3% F127 (α = 0.7). The morphology of these particles showed internal 

structure again characteristic of cubic phases.  

SAXS patterns obtained from PHYT dispersions stabilized by F127 with an increasing 

fraction of β-casein up to α = 0.8, and the corresponding lattice parameters, are shown in Figures 

3C and 3D respectively. The PHYT dispersion formed by PF127 alone had peaks at q values of 

0.127 Å
-1

, 0.156 Å
-1

 and 0.180 Å
-1

, which correspond to peak spacing ratios √2, √3, √4. This 

pattern confirmed a V2 (Pn3m) phase with a lattice parameter of 69.8 ± 0.1 Å, in agreement with 

previous studies.
9, 10

 Increasing the fraction of β-casein did not induce any change in the V2 (Pn3m) 

phase structure, as indicated by the overlapping peak positions in SAXS patterns for all dispersions 

from α = 0 to 0.8 (Figure 3C). The lattice parameter for the V2 (Pn3m) phase was 68-70 Å (Figure 

3D).  

Thermal behaviour of β-casein-stabilized liquid crystalline nanostructured particles 

  The V2 to H2 phase transition with increasing temperature in GMO and PHYT systems in 

excess water is very sensitive to the presence of additives that occupy the hydrophobic volume.
6, 39

 

In order to better understand the role of β-casein in dispersing GMO or PHYT, the phase transition 

behaviour in response to heating was examined. Figure 4A shows the temperature-dependent 

SAXS patterns of the F127-stabilized GMO dispersion (α = 0). The shift in peak positions to 

higher q values with increasing temperature up to 60 °C indicates no change in the V2 (Im3m) 

phase structure but a decrease in lattice parameter from 134 ± 1 Å to 105 ± 1 Å between 20 °C and  

60 °C (Figure 4B). The SAXS pattern at 70 °C also had peaks at 0.125 Å
-1

 and 0.219 Å
-1

 (spacing 
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ratios √1, √3), indicating the appearance of the H2 phase with a lattice parameter of 58 Å, i.e. a 

transition from cubosomes to hexosomes. This result is consistent with previous studies on 

Myverol-based GMO systems dispersed by F127.
38

  

In the case of the β-casein-stabilized GMO dispersion (α = 1), the peak positions in the 

SAXS patterns (Figure 4C) also shifted to higher q values with increasing temperature, indicating 

that the lattice parameter decreased from 100 ± 1 Å to 75 ± 1 Å between 20 °C to 70 °C (Figure 

4D). Most importantly, the V2 to H2 transition was observed at 60 °C, i.e. 10 °C less than for the 

F127-stabilized dispersion.   

The temperature-dependent phase transition behaviour of the PHYT-based system is shown 

in Figure 5. The SAXS patterns of the F127-stabilized PHYT dispersion (α = 0) upon heating 

(Figure 5A) showed that from 20 °C to 50 °C, the V2 (Pn3m) phase remained stable but that the 

lattice parameter reduced with increasing temperature as seen for the GMO systems (Figure 5B). 

At 60 °C and above, there was a dramatic change in the SAXS pattern, and only one broad peak 

was observed (Figure 5A). This pattern is characteristic of the inverse micellar L2 structure with a 

characteristic distance of approximately 40 Å. This result shows a direct phase transition of the 

F127-stabilized PHYT dispersion from the V2 (Pn3m) phase to the L2 phase upon heating to 60 °C 

without showing the H2 phase, in agreement with previous studies.
38

 (It should be noted, however, 

that with temperature steps of 10 °C it is possible that the H2 phase existed over a narrow range of 

temperature between 50-60 °C but was not detected in this study). Interestingly, when β-casein was 

used as the major stabilizer (α = 0.8), the PHYT dispersion displayed a transition to the H2 phase at 

60 °C and then to the L2 phase at 70 °C (Figure 5C and 5D). The results shown so far clearly 

indicate that β-casein interacts in a different manner with cubosomes compared to F127, 

influencing the phase structure and temperature-dependent phase transition behaviour. 

Secondary conformation of β-casein in lipid-water systems 

 Given that β-casein alone (α = 1) was effective for stabilization of GMO-based cubosomes, 

it was likely that β-casein was adsorbed at the lipid-water interface and evidently associated with 

the cubosomes. It was therefore of interest to determine whether the association could influence the 

secondary structure of β-casein. SRCD was therefore used to examine the influence of association 

of the β-casein with GMO cubosomes on protein secondary structure. 

The SRCD spectrum for GMO cubosomes stabilized by β-casein (α = 1), together with a 

comparative spectrum for native β-casein are given in Figure 6. Additionally the figure also shows 

the spectrum for a hexadecane-in-water emulsion stabilized by β-casein for which secondary 

structure was known to be compromised, thereby serving as a negative control. The far-UV SRCD 

spectrum of β-casein in 10 mM sodium phosphate buffer had a minimum peak at 200 nm and no 
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zero-crossing, indicating a large amount of unordered structure. Our previous study revealed the 

secondary structure of β-casein in buffer consisted of 11% α-helix, 25% β-sheet, 16% turn and 47% 

unordered structure (data submitted for publication). The previous study also investigated the β-

casein secondary structure in an oil-water environment, i.e. the hexadecane-in-water emulsion 

made by high-pressure homogenization. It was found that β-casein located at the hexadecane-water 

interface adopted a very different conformation containing non-native α-helix as shown in Figure 6. 

In the present study where β-casein was incorporated into GMO cubosomes, there was no 

significant change in the far-UV SRCD spectrum compared to that in buffer, indicating that the 

adsorption to the lipid-water interface did not induce any change to the ordered secondary structure 

in β-casein.  
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Discussion 

The complex nanostructures of lipid liquid crystalline particles, such as cubosomes and 

hexosomes, have received increasing interest in drug and nutrient delivery applications. One of the 

important issues in formulation of cubosome and hexosome dispersions is colloidal stability. 

Researchers have primarily used Pluronic F127, a commercially available triblock copolymer, to 

impart steric stabilization to these particles. However, the need for alternative stabilizers has 

emerged
17

 in the field of oral drug and nutrient delivery. The goal of the current study was to more 

rigorously investigate proteins, in particular β-casein, as a non-synthetic biocompatible stabilizer. 

β-Casein is one of the major variants of milk caseins, with 209 amino acid residues and a molecular 

weight of 24 kDa.
40

 β-Casein has a flexible, polymer-like structure with a large amount of 

unordered conformation. A characteristic feature of β-casein is that it can be generally divided into 

a hydrophilic region (0-40 residues at the N-terminus) with many charged residues and a 

hydrophobic region for the remainder of the chain at the C-terminus. As a result, β-casein is highly 

amphiphilic and surface-active. β-Casein is known to interact with oil-water interfaces and act as 

an excellent stabilizer in oil-in-water emulsions.
27-29

 

In this study, we explored the potential of using β-casein to disperse two lipids, GMO and 

PHYT, into cubosome dispersions, subsequently characterized using SAXS and cryo-TEM 

measurements. It was found that β-casein alone could provide sufficient stabilization to disperse 

GMO in excess water, whereas for the PHYT-based system, β-casein alone could not disperse the 

lipid, with lumps of aggregated lipid evident in the sample. A minimum concentration of 0.2% 

F127, together with 0.8% β-casein (α = 0.8), was required to disperse PHYT into cubosomes. This 

result indicates that β-casein is less effective than F127 in terms of providing steric repulsion 

between the dispersed cubosomes, at least on a w/w basis. The preservation of the Pn3m space 

group for the cubic phase at higher β-casein fractions for GMO cubosomes also indicates reduced 

interaction with the lipid than when F127 is used as the stabilizer. The SRCD measurement showed 

no change in the secondary conformation of β-casein by incorporation into GMO cubosomes 

(Figure 6), confirming the relatively weak interaction. Together the results indicate an overall 

reduction in β-casein association with cubosomes compared to F127, irrespective of which lipid 

was being dispersed.  

This result might be rationalized in terms of differences in the steric barrier provided by β-

casein and F127. Neutron reflectivity studies have demonstrated that the hydrophobic region of β-

casein is anchored at air-water or oil-water interfaces. The thickness of the steric layer from the 

hydrophilic region of β-casein was reported to be approximately 5 nm and a surface excess 

concentration of approximately 2 mg/m
2
.
41, 42

 By way of contrast, F127 has been reported to present 

an approximate layer of thickness of 9 nm and a surface excess concentration of approximately 3 
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mg/m
2
 at the air-water interface.

43
 Hence, although the surface coverage is expected to be similar in 

mass terms, the higher molecular weight of β-casein means that there are likely to be fewer 

molecules per unit surface area providing a lower surface coverage and a thinner steric barrier, 

which would understandably provide less effective colloidal stabilization. Further studies using 

neutron scattering techniques for this system are expected to provide a deeper understanding of the 

relative disposition of the stabilizers at the lipid-excess water interface. 

We also studied the ability of 1% β-lactoglobulin (β-Lg) to disperse GMO or PHYT 

cubosomes. For both lipids we discovered that F127 was required to be present for effective 

dispersion (Figure S1 in Supporting Information). This is understood to be a consequence of its 

compact globular structure and low surface hydrophobicity at neutral conditions,
44

 slowing 

adsorption and rendering β-Lg even less effective as a steric stabilizer than β-casein .  

The ‘threshold’ fraction for transition from the Im3m to Pn3m phase of the GMO 

dispersion occurred with addition of only 0.2% β-casein (α = 0.2); meaning that there was an 

effective F127 concentration of 0.8% (Figure 2D). A previous study has reported that this F127 

concentration (0.8%) is well within the concentration range where the Im3m phase is expected in 

the GMO + F127 + excess water system.
16

 This means that the transition from the Im3m to Pn3m 

phase is not merely a consequence of changing the GMO : F127 ratio, but that the transition is a 

consequence of the presence of β-casein. The reason is unclear at this time – there is no discernable 

systematic change in lattice parameters within the same phase structure with changes in stabilizer 

composition (Figure 2D). These systems do however seem to favour formation of the Pn3m phase 

over the Im3m phase, evident from the fact that dispersions of GMO and PHYT in differing ratios 

of the two lipids require more than 80% (w/w) GMO before a transition from the Pn3m phase to 

the Im3m phase is observed.
45

  

The favoured formation of the Pn3m phase with β-casein as the sole stabilizer for GMO 

dispersions is at odds with the previous report on this particular system,
11

 which inferred the gyroid 

(Ia3d) cubic phase structure from freeze-fracture TEM images. The nodular surface is however 

reminiscent of the texture observed in more recent cryo-field emission scanning electron 

microscopy (cryo-FESEM) images of the bulk Pn3m phase prepared using PHYT in excess water 

and the corresponding dispersed cubosomes.
46

 

The temperature-dependent phase transitions for both GMO and PHYT-based systems 

provide some further insight into the interaction between stabilizer and internal nanostructure. 

Generally speaking, lipid chains are usually disordered at elevated temperatures occupying a 

greater volume, and hence increasing temperature may induce a V2 to H2 phase transition.
47, 48

 

Using β-casein to stabilize the GMO-based dispersion suppressed the V2 to H2 transition by up to 
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10 °C greater than in the F127-stabilized dispersion (Figure 4). In the case of the PHYT-based 

system, the β-casein-stabilized dispersion displayed a V2 to H2 (60 °C) to L2 (70 °C) transition 

whereas the F127-stabilized dispersion displayed a direct V2 to L2 transition at 70 °C (Figure 5). 

The result indicates that the H2 phase is more favoured in dispersions containing β-casein (or that it 

at least forms at a lower temperature).  

Examination of the structure of the H2 phase reveals that there is a packing stress arising 

from the fact that the circular cross-section of the cylindrical interface requires the ‘void’ 

hydrophobic region be filled to a uniform density with the hydrophobic chains.
49, 50

 The ‘void’ 

region is energetically unfavourable if the lipid chains are not sufficiently long to reach and occupy 

the intersection space. Previous studies have shown that the presence of surface active compounds 

with increased lipid chain volume or hydrophobic compounds may also promote the formation of 

the H2 phase at lower temperature by occupying the ‘void’ in the space between hexagonally 

packed cylinders.
10, 33, 39

 The F127-stabilized GMO system forms the H2 phase (Figure 4A) because 

Myverol 18-99K used in this study contains many other amphiphilic compounds in addition to 

GMO. The impurities allow the formation of the H2 phase at 70 °C. In contrast, the commercially 

available PHYT is relatively pure and the F127-stabilized PHYT dispersion did not form the H2 

phase here or in previous reports.
10

 The reason for the more favourable formation of the H2 phase 

by the β-casein-stabilized dispersions compared to the F127 stabilized dispersions is not clear, 

however it is apparent that based on the above model of ‘void’ filling stabilizing the H2 structure 

that β-casein likely acts more effectively as a space filling agent in the H2 phase.  

The comparison between β-casein- and F127-stabilized lipid liquid crystalline 

nanostructured particles has revealed that β-casein may have application in substituting for F127 as 

a functional stabilizer for these systems in the active delivery field. For example, the H2 phase has 

shown advantage over the V2 phase in prolonged release of model drug molecules due to its smaller 

water channels.
21, 22, 51

 With the presence of β-casein, the lipid dispersed system displays a 

suppressed temperature required for the V2 to H2 transition, which becomes more relevant under 

physiological conditions. Future studies will investigate the stability of the β-casein-based lipid 

liquid crystalline nanostructured particles during digestion, the incorporation of model drug 

molecules into such systems and the controlled release rate in vitro and in vivo. The studies also 

highlight a need to better understand the protein-lipid nano-scale interactions to optimize selection 

of protein-based stabilizers for functionalization of these systems in targeted delivery applications. 
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Conclusion 

This study reported the first SAXS and cryo-TEM studies on β-casein-stabilized 

cubosomes of GMO and PHYT in excess water. It was found that β-casein could provide effective 

steric stabilization to disperse GMO into cubosomes with a V2 (Pn3m) internal nanostructure. The 

β-casein-stabilized GMO dispersion had a lower V2 to H2 transition temperature than the equivalent 

F127-stabilized dispersion. In the case of PHYT cubosomes, β-casein could act as a stabilizer but 

required the presence of F127 in relatively low proportions to bolster its stabilizing effect. In both 

cases β-casein filled ‘void’ space in the H2 structure, promoting the formation of the H2 phase in 

comparison to F127-stabilized dispersions where the H2 phase was either absent or occurred at 

elevated temperatures.  
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Figure Legends 

Figure 1: Chemical structures of GMO and PHYT and the nanostructures formed by the lipids in 

excess water. Dispersions of lipid particles with the internal nanostructures of bulk phases can be 

achieved with the aid of steric stabilizers.  

Figure 2: (A) and (B) Representative cryo-TEM images of GMO-based cubosomes stabilized by 

1% β-casein (α = 1). The scale bar represents 200 nm. (C) SAXS patterns from GMO-based 

dispersions stabilized by various ratios of β-casein : F127. Total stabilizer concentration in all cases 

was 1% (w/w). (D) Phase identity and lattice parameter of GMO-based dispersions derived from 

SAXS data in (C) as a function of the fraction of β-casein to total stabilizer (α).  

Figure 3: (A) and (B) Representative cryo-TEM images of PHYT-based cubosomes stabilized by a 

70% β-casein + 30% F127 mixture (α = 0.7). The scale bar represents 200 nm. (C) SAXS patterns 

from PHYT-based dispersions stabilized by various ratios of β-casein : F127. Total stabilizer 

concentration in all cases was 1% (w/w). (D) Phase identity and lattice parameter of PHYT-based 

dispersions derived from SAXS data in (C) as a function of the fraction of β-casein to total 

stabilizer (α). 

Figure 4: (A) and (C) Temperature-dependent SAXS patterns of GMO-based dispersions 

stabilized by F127 (α = 0) and β-casein (α = 1) respectively. Total stabilizer concentration in all 

cases was 1% (w/w). (B) and (D) The corresponding temperature-dependence of phase identity and 

lattice parameter of GMO-based dispersions stabilized by F127 (α = 0) and β-casein (α = 1) 

respectively. 

Figure 5: (A) and (C) Temperature-dependent SAXS patterns of PHYT-based dispersions 

stabilized by F127 (α = 0) and an 80% β-casein + 20% F127 mixture (α = 0.8), respectively. (B) 

and (D) The corresponding temperature-dependence of phase identity and lattice parameter of 

PHYT-based dispersions stabilized by F127 (α = 0) and an 80% β-casein + 20% F127 mixture (α = 

0.8) respectively. 

Figure 6: Far-UV SRCD spectra of β-casein under various conditions: in aqueous solution (solid 

line); in β-casein-stabilized GMO cubosomes (α = 1) (dotted line); in β-casein-stabilized 

hexadecane-in-water emulsions (dashed line).   
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Figure 5  
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Appendix 6.1: Supporting information 

 

Table S1: The mean particle size and polydispersity index (Pdi) of β-casein-stabilized GMO or PHYT dispersions. 

 GMO  PHYT 

αααα    Size (nm) Pdi  Size (nm) Pdi 

1 262.9±16.2 0.282±0.014  - - 

0.9 233.3±4.3 0.166±0.021  - - 

0.8 192.1±0.9 0.135±0.006  345.7±38.7 0.306±0.121 

0.7 232.1±34.8 0.239±0.073  338.9±7.0 0.312±0.065 

0.6 188.4±2.1 0.122±0.017  389.1±19.9 0.486±0.066 

0.5 185.5±5.6 0.139±0.017  398.6±17.7 0.343±0.206 

0.4 199.6±0.4 0.143±0.002  425.0±8.1 0.350±0.093 

0.3 207.6±2.4 0.132±0.011  374.0±4.3 0.196±0.119 

0.2 275.1±1.4 0.251±0.010  359.2±14.4 0.347±0.078 

0.1 218.0±15.8 0.198±0.072  275.1±27.7 0.206±0.114 

0:1 181.5±0.7 0.106±0.019  348.7±8.4 0.415±0.016 
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Figure S1: (A) and (C) SAXS patterns of GMO-based and PHYT-based dispersions stabilized by various ratios of β-

lactoglobulin : F127. (B) and (D) Phase identity and lattice parameter derived from SAXS data in (A) and (C) 

respectively as a function of the fraction of β-lactoglobulin to total stabilizer (α). 
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 The interfacial structure of proteins adsorbed at oil-water interfaces of emulsions is a key 

factor controlling the physical stability as well as other physiochemical properties of oil-in-water 

emulsions (Chapter 1 Sections 1.3.2 & 1.4). This project set out to investigate the adsorption of 

milk proteins to the oil-water interface of emulsions. The principal aim was to understand the 

interfacial structure-function relationship of milk proteins by studying how the structure of proteins 

adsorbed at the oil-water interface correlates with their ability to maintain the physical stability of 

emulsions under conditions of heating to 90 °C and/or addition of 120 mM NaCl.  

 Chapter 2 describes the design of a new experimental approach based on synchrotron 

radiation circular dichroism (SRCD) spectroscopy to allow in situ measurements of the interfacial 

structure of proteins in turbid emulsion samples.
1
 Specifically, the study investigated the secondary 

and tertiary structure of β-lactoglobulin (β-Lg) adsorbed at the interface of a model hexadecane-in-

water emulsion made by high pressure homogenization. It was found that the high photon intensity 

from the synchrotron source allowed the secondary structure of β-Lg in the turbid emulsion to be 

measured directly in the far-UV region of SRCD without the need for further sample preparation. A 

dramatically improved SRCD signal-to-noise ratio was obtained compared to conventional bench-

top CD instruments. Most importantly, a surfactant-based emulsion was used to correct for droplet 

light scattering which affected the baseline of each SRCD spectrum of the emulsion. This method 

differentiated the signal arising solely due to the protein in the emulsion from the signal arising 

from droplet light scattering. A parallel experiment on β-Lg in a refractive index matched emulsion 

(RIME) was also conducted using a previous method developed by Husband et al. (2001) (Chapter 

1 Section 1.3.3.5).
2
 These RIME experiments generated results consistent with those obtained from 

the direct measurement in the unmatched emulsion and validated the new SRCD method. Overall, 

the study found that adsorption to the hexadecane-water interface induced the disruption of β-Lg 

globular structure, which corresponded to a decrease in the β-sheet structure and an increase in the 

non-native α-helical structure. This study provided the basis for subsequent studies of the structural 

changes of proteins in turbid samples, including four studies of the application of SRCD 

spectroscopy to directly measure the interfacial conformation of proteins in emulsions (Chapters 3-

5)
3-5

 and lipid liquid crystalline nanostructured particles (Chapter 6).
6
  

 Chapter 3 describes a study of how the adsorption-induced changes in the interfacial 

structure of β-Lg affected its ability to stabilize oil-in-water emulsions under conditions of heating 

and salt addition.
4
 The secondary and tertiary structure of β-Lg adsorbed at the interfaces of two 

different oil-in-water emulsions (hexadecane-in-water and tricaprylin-in-water emulsions) were 

studied using SRCD spectroscopy and front-face tryptophan fluorescence (FFTF) spectroscopy. 

The results showed that β-Lg adsorbed to both oil-water interfaces and changed from a globular 

structure (3.6 nm in diameter) rich in the β-sheet, into an interfacial secondary structure with a 

large amount of the non-native α-helix. Analysis of the stability of the secondary structure found 
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that the non-native α-helical-rich conformation of β-Lg adsorbed at oil-water interfaces only 

underwent a minor change upon heating to 76 °C in comparison to the dramatic change in the β-Lg 

conformation in solution as the temperature was increased. Protein structural rearrangement was 

found to be more dramatic upon adsorption to the more hydrophobic hexadecane-water interface 

than the tricaprylin-water interface. Moreover, the conformation of β-Lg at the hexadecane-water 

interface was more resistant to further changes upon heating than that of β-Lg at the tricaprylin-

water interface. The geometric dimensions of β-Lg adsorbed at a planar C18-water interface 

mimicking the oil-water interface of the emulsion were investigated using dual polarization 

interferometry (DPI). It was found that the β-Lg layer adsorbed at the planar C18-water interface 

was thin (~1 nm) and dense (~1 g/cm
3
). These results highlight that the hydrophobic effect, i.e. the 

interaction between the hydrophobic region of the protein and the oil-water interface, is a 

significant thermodynamic driving force for protein structural rearrangement. A parallel study of 

the emulsion stability upon heating and salt addition was then performed by measuring the 

emulsion ζ-potential and mean particle size. The structural change of β-Lg induced by adsorption to 

the oil-water interface resulted in thin interfacial layer around the droplet surfaces, which were 

negatively charged (approximately -60 mV of ζ-potential). This interfacial layer provided 

electrostatic repulsion between the droplets of the β-Lg-stabilized emulsion, which was resistant to 

flocculation upon heating to 90 °C in the absence of salt. However, once exposed to elevated ionic 

strength by addition of 120 mM NaCl, the electrostatic repulsion between the droplets was reduced 

via the electrostatic screening effect (Chapter 1 Section 1.2.2.3) to the point where droplet 

flocculation occurred with heating to temperatures above 60 °C. Overall, this study provided 

insight at a detailed molecular level into the relationship between the structural rearrangement of β-

Lg upon adsorption at oil-water interfaces of emulsions and the physical stability of emulsions 

under conditions of heating and salt addition.   

 Chapter 4 presents a study of the relationship between the interfacial structure of α-

lactalbumin (α-La) and its ability to stabilize hexadecane-in-water and tricaprylin-in-water 

emulsions using experimental approaches established in Chapters 2 and 3 for β-Lg. α-La was 

chosen as the second globular protein to investigate because it has more α-helix and lacks free thiol 

groups in its native conformation in comparison to β-Lg. The SRCD and FFTF results showed that 

adsorption to the hexadecane-water and the tricaprylin-water interfaces disrupted the compact 

globular structure of α-La (2.5 × 3.2 × 3.7 nm in the crystal structure dimension) and caused a 

considerable increase in the α-helical conformation, which was resistant to further changes upon 

heating. The α-La layer adsorbed at the planar C18-water interface was thin (~1 nm) and dense (~1 

g/cm
3
) as indicated by DPI. The fact that the more hydrophobic environment of the hexadecane-

water interface induced a larger conformational change in α-La compared to the tricaprylin-water 

interface was consistent with the β-Lg study. These results confirmed that the hydrophobic effect is 
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the thermodynamic driving force for protein structural rearrangement at oil-water interfaces, where 

the hydrophobic region of the protein interacts closely with the oil phase and the hydrophilic region 

locates within the aqueous phase. This new conformation of α-La adsorbed at oil-water interfaces 

was found to be very different from its well-known conformation in the molten globule state in 

solution. Subsequent analysis of the emulsion stability revealed that the thin, dense and negatively 

charged α-La layer (approximately -49 mV of ζ-potential) provided strong electrostatic repulsion 

between the emulsion droplets, resulting in the resistance of emulsion droplets to heat-induced 

flocculation. Moreover, when salt was added prior to heating, α-La-stabilized emulsions were more 

stable to droplet flocculation than β-Lg-stabilized emulsions. This can be due to the lack of free 

thiol groups in α-La resulting in the lack of inter-droplet sulfydryl-disulfide interactions between 

emulsion droplets. This study has therefore provided new information at a molecular level that 

enhances our understanding of how the interfacial structure of α-La influences the physical stability 

of emulsions under conditions of heating and salt addition.   

 Chapter 5 extends the study of the interplay between protein interfacial structure and the 

emulsion stability to a third protein, i.e. β-casein. β-Casein differs largely from both β-Lg and α-La 

in that it is a flexible protein with a large amount of unordered secondary structure and no well-

defined tertiary structure. The SRCD and FFTF results showed that β-casein adsorbed at oil-water 

interfaces of hexadecane-in-water and tricaprylin-in-water emulsions underwent a structural change, 

where the α-helical conformation was increased and the tryptophan-containing C-terminal region 

moved to a more hydrophobic environment, i.e. the oil phase. The DPI results showed that the β-

casein layer at a hydrophobic C18 surface was 2.5-5.0 nm thick, which was thinner than the β-

casein layer (5-10 nm) adsorbed at air-water or hexane-water interfaces as measured by neutron 

reflectometry (Chapter 1 Section 1.4.3).
7-9

 Nevertheless, this study showed that adsorption of β-

casein to oil-water interfaces resulted in a protein layer that was negatively charged (approximately 

-40 mV of ζ-potential) and thicker (~5 nm) and more diffuse (0.4 g/cm
3
) than the β-Lg and α-La 

layers. This interfacial β-casein layer provided a combination of electrostatic and steric repulsion 

between the emulsion droplets, which imparted excellent stability of β-casein-stabilized emulsions 

under conditions of heating and salt addition. Together with the results of β-Lg and α-La studies, 

this study of β-casein has enriched our understanding of the influence of intrinsic molecular 

properties on protein structural rearrangement upon adsorption as discussed below.  

 Chapter 6 explored the stabilizing function of β-casein in a different colloidal system, i.e. a 

lipid liquid crystalline nanostructured particle system.
6
 Since β-casein has an interfacial structure 

that imparts steric stabilization to oil-in-water emulsions, it was hypothesized that β-casein can also 

act as a stabilizer in lipid liquid crystalline nanostructured particles, which are commonly stabilized 

by polymeric emulsifiers such as Pluronic F127. The study used β-casein on its own or in a mixture 

with Pluronic F127 to disperse two lipids, glyceryl monooleate (GMO) and phytantriol (PHYT), 
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into cubosomes and to investigate the thermally induced phase behaviour of the resulting 

dispersions. The major results from this study were: 1) β-casein on its own was able to disperse 

GMO in excess water into cubosomes with an internal structure of a cubic (Pn3m) phase; 2) β-

casein as a sole stabilizer was not able to disperse PHYT and a threshold fraction of Pluronic F127 

(20%) was needed to produce stable PHYT cubosomes with a cubic (Pn3m) phase; 3) β-casein-

stabilized dispersions for both GMO and PHYT strongly favoured the transition from the cubic 

phase to the hexagonal phase compared to Pluronic F127-based dispersions; and 4) adsorption of β-

casein to the GMO-water interface did not induce significant conformational changes of β-casein. 

These results suggested that compared to Pluronic F127, β-casein interacted more weakly with the 

lipid-water interface and provided less steric stabilization to lipid liquid crystalline nanostructured 

particles. However, the very feature of the flexible structure of β-casein allowed it to act as a space 

filling agent in the hexagonal phase. Since the hexagonal phase has shown advantages over the 

cubic phase in terms of prolonged release of drug molecules and nutrients due to their smaller 

water channels (Chapter 1 Section 1.5), reducing the cubic to hexagonal phase transition 

temperature via the presence of β-casein can have implications in formulation science with high 

relevance to physiological conditions.  

 From the summary above, it can be seen that this project has demonstrated the complex 

interplay between the interfacial structure and function of proteins in colloidal systems. This has 

been achieved through the development of biophysical methods that were applied to the analysis of 

proteins adsorbed at oil-water or lipid-water interfaces, yielding high-resolution data of the 

interfacial secondary and tertiary structure. The following discussion highlights the advantages of 

the involved biophysical techniques, the effect of both intrinsic molecular properties and external 

factors on protein structural rearrangement upon adsorption and how different interfacial structures 

of proteins predict their ability to provide physical stabilization to colloidal systems.  

This project reported the first application of far-UV SRCD spectroscopy (Chapter 1 

Section 1.3.3.5) to milky colloidal samples of emulsions and lipid particles with high light 

absorbance and scattering properties. The combination of the strong light intensity from a 

synchrotron source and the scattering background correction from suitable control samples has 

allowed the direct characterization of the secondary structure of β-Lg, α-La and β-casein adsorbed 

at oil-water interfaces (Chapters 2-5) as well as at lipid-water interfaces (Chapter 6), which were 

not possible before. In the emulsion studies, the SRCD results identified the formation of the non-

native interfacial conformations of proteins with an increased amount of α-helix and the stability of 

these interfacial conformations upon heating. These SRCD studies reported that high-quality SRCD 

spectra of the secondary structure of proteins in turbid colloidal samples can be measured directly. 

Together with the analysis of the secondary structural content, these studies provide a high degree 
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of confidence in the secondary structural changes of proteins that occur upon adsorption to oil-

water or lipid-water interfaces.  

SRCD spectroscopy in the near-UV region (Chapter 1 Section 1.3.3.5) was employed to 

obtain information on protein tertiary structural changes upon adsorption to oil-water interfaces of 

emulsions. The near-UV SRCD spectrum of a globular protein has a characteristic shape and 

magnitude depending on the number of each type of aromatic amino acids present, their position in 

the protein and more importantly the nature of their hydrophobic environment. Thus, the spectrum 

provides a fingerprint of the tertiary structure of the protein, as seen in the β-Lg and α-La studies 

(Chapters 3 & 4). The loss of the near-UV SRCD signals of β-Lg and α-La upon adsorption to oil-

water interfaces clearly indicated a strong perturbation of their tertiary structures. However, the 

refractive index matching method developed by Husband et al. (2001)
2
 was needed to make the 

emulsion sample transparent in order to obtain high quality near-UV SRCD spectra. FFTF 

spectroscopy (Chapter 1 Section 1.3.3.4) was also employed as an important complementary 

technique to near-UV SRCD spectroscopy for characterization of the tertiary structure of globular 

proteins adsorbed at oil-water interfaces of emulsions. The advantage of FFTF is that it can 

measure proteins in emulsion samples without further sample preparation. The λmax in FFTF spectra 

is sensitive to the hydrophobic environment of tryptophan residues. The FFTF results showed that 

upon adsorption to oil-water interfaces, the two tryptophan residues in β-Lg (one deeply buried and 

one partially exposed in native conformation) moved to a more hydrophobic environment (Chapter 

3), whereas the four tryptophan residues of α-La (all deeply buried) moved to a more hydrophilic 

environment (Chapter 4). These results confirmed the perturbation of the globular structures of β-

Lg and α-La upon adsorption to oil-water interfaces as seen in the near-UV SRCD experiments.   

DPI is a biosensing technique which allows real-time measurements of the mass, thickness 

and density of a protein layer adsorbed at different solid-liquid interfaces (Chapter 1 Section 

1.3.3.2). This project utilized DPI to examine the geometric dimensions of protein layers adsorbed 

at two different interfaces, a hydrophobic C18-water interface and a hydrophilic silicon oxynitride-

water interface. The DPI results showed how globular proteins, β-Lg and α-La, either retained their 

native structural dimensions at the hydrophilic silicon oxynitride-water interface or underwent 

significant structural changes forming a thin (~1 nm), dense (~1 g/cm
3
) protein layer at the 

hydrophobic C18-water interface (Chapters 3 & 4). When DPI was applied to the β-casein study, 

the adsorption to the C18 surface resulted in a relatively diffuse (~0.4 g/cm
3
) protein layer of 2.3-5 

nm thick (Chapter 5). This thickness of the β-casein layer obtained with DPI was lower than that 

derived from neutron reflectivity studies, which have reported a 5-10 nm thickness for the β-casein 

layer adsorbed at air-water or hexane-water interfaces.
7-9

 Cowsill et al. (2011) compared parallel 

measurements of the bovine serum albumin (BSA) layer adsorbed at silicon-water interfaces using 

both DPI and neutron reflectivity.
10

 They also reported a difference between the measured 
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thickness values with the BSA layer being 2-4 nm thinner when measured by DPI than by neutron 

reflectivity.
10

 This difference may have arisen because the DPI analysis uses a simplified single-

layer model that assumes a uniform protein layer at the sensor surface, whereas neutron reflectivity 

uses a two-layer model. Thus, neutron reflectivity is more suitable for calculating the thickness and 

density profile of adsorbed protein layers consisting of a dense inner layer and a diffuse outer layer 

such as the β-casein layer. Nevertheless, DPI provides a range of sensor surfaces of different 

properties, which allows parallel studies to examine the mechanism of interface-mediated protein 

structural changes as seen in the β-Lg and α-La studies. 

Using these biophysical methods, the interfacial structures of β-Lg (Chapter 3), α-La 

(Chapter 4) and β-casein (Chapter 5) adsorbed at oil-water interfaces of emulsions was 

characterized. A significant result was the increase in the α-helical conformation in the interfacial 

secondary structure of all three proteins. Taking the hexadecane-water interface as an example, the 

amount of the increase in the α-helical conformation followed the extent of β-Lg (34%) > α-La 

(28.6%) > β-casein (12%). β-Casein is the most flexible of the investigated three proteins. 

Although it is generally thought to be a more flexible protein that adsorbs to the interface and 

undergoes structural changes more readily than rigid proteins, the results from the current studies 

showed that the increase in α-helix of β-casein was the lowest of the three proteins. This is likely 

due to the fact that β-casein contains the largest number of proline residues, 17% proline content in 

β-casein compared to 4.9% in β-Lg and 1.6% in α-La.
11

 It is thus difficult for β-casein to adopt the 

α-helical conformation even when adsorbed at oil-water interfaces because proline is a known helix 

breaker due to its ring structure. Therefore, the amino acid content of a protein also affects 

adsorption-induced conformational changes.  

The thermal stability of the secondary structure of β-Lg and α-La adsorbed at oil-water 

interfaces was also investigated. The results showed that the non-native α-helical-rich 

conformations of β-Lg and α-La at oil-water interfaces were resistant to further changes upon 

heating to 76 °C (Chapters 3 & 4). In contrast, at a similar temperature in solution, β-Lg and α-La 

underwent significant conformation changes. The difference in the thermal stability of proteins in 

solution and at oil-water interfaces highlights the dominant forces in determining protein 

conformation, i.e. the hydrophobic effect and the conformational entropy (Chapter 1 Section 1.3.1). 

When proteins are free in solution, thermal energy causes a large gain of conformational entropy, 

which disrupts the hydrogen bonding and hydrophobic interactions essential for native folding 

structures. When proteins adsorb to the oil-water interface, the hydrophobic effect drives protein 

structural rearrangement, where the hydrophobic regions of the protein interact with the oil phase. 

This structural rearrangement has already ‘denatured’ the protein into a preferred conformation, 

which is anchored at the oil-water interface limiting the number of conformations the protein can 
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adopt. Increasing temperature may therefore have little impact on the interfacial conformation of 

proteins at oil-water interfaces.  

This project also studied the effect of the oil phase on adsorption-induced structural 

changes of β-Lg (Chapter 3), α-La (Chapter 4) and β-casein (Chapter 5) by using two oil-water 

interfaces: the hexadecane-water interface and the tricaprylin-water interface. The results showed 

that: 1) the more hydrophobic hexadecane always induced a larger degree of conformational 

changes compared to tricaprylin; and 2) the conformation of proteins at the hexadecane-water 

interface was more resistant to further changes upon heating. These results also highlight the 

important role of the hydrophobic effect in determining the preferred conformation of the protein at 

the interface. When proteins adsorb to the oil-water interface, the hydrophobic effect drives the 

structural change of proteins, where the hydrophobic regions face toward the hydrophobic oil phase 

and polar residues are exposed to the aqueous phase.  

In contrast to adsorption at oil-water interfaces of emulsions, there was no dramatic 

increase in ordered secondary structure of β-casein upon adsorption to the GMO-water interface of 

cubosomes (Chapter 6). Given the large surface area in cubosomes, it is unlikely that a large 

amount of β-casein remained in the bulk phase. The lack of secondary structure changes of β-casein 

adsorbed at the GMO-water interface can be due to the fact that the commercial GMO sample used 

in the study contains only 58.3% GMO and many other amphiphilic ingredients (Chapter 6 

Materials and Methods) and thus is much more polar than hexadecane and tricaprylin. The more 

polar environment of the GMO-water interface may require less conformational changes for β-

casein adsorption.  

The oil phase also displayed an effect on droplet flocculation under conditions of heating 

and salt addition in the studies of the physical stability of emulsions stabilized by β-Lg (Chapter 3) 

and α-La (Chapter 4). The results revealed that the hexadecane-in-water emulsions were always 

more stable than the tricaprylin-in-water emulsions. The reason can be that colloidal van der Waals 

attractive interactions between emulsion droplets are weaker in the hexadecane-in-water emulsions 

than the tricaprylin-in-water emulsions. The strength of colloidal van der Waals interactions 

between the droplets in a particular emulsion depends on factors such as the droplet size and the 

refractive index of the oil phase (Chapter 1 Section 1.2.2.1). According to the Hamaker function, a 

smaller difference in the refractive indices between the oil and continuous phases results in a 

smaller strength of the van der Waals attraction between emulsion droplets. As discussed in 

Chapter 3, the refractive indices of hexadecane and tricaprylin are 1.435 and 1.449 respectively. 

The difference between oil and water was therefore 0.102 for hexadecane and 0.116 for tricaprylin. 

The smaller refractive index of hexadecane and the smaller initial droplet size of the hexadecane-
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in-water emulsions lead to smaller van der Waals attraction between hexadecane-in-water droplets 

than the attraction between tricaprylin-in-water droplets, resulting in greater emulsion stability.   

Overall, the studies presented in this thesis revealed the interplay between the interfacial 

structure and stabilizing function of proteins in emulsions. The colloidal stability of an emulsion is 

determined by colloidal interactions, such as van der Waals attractive forces, electrostatic repulsive 

forces and steric repulsive forces (Chapter 1 Sections 1.2.2 & 1.2.3). In the case of β-Lg (Chapter 

3), the structural study revealed a very thin protein layer with negative charges around the droplet 

surfaces of emulsions. The major colloidal interaction of β-Lg-stabilized emulsions was thus a 

balance between van der Waals attractive forces and electrostatic repulsive forces. Therefore, β-Lg-

stabilized emulsions were prone to flocculation upon heating in the presence of salt when 

electrostatic repulsive interactions were largely screened and the inter-droplet hydrophobic and 

sulfydryl-disulfide interactions occurred between the β-Lg interfacial layers. In the case of α-La 

(Chapter 4), structural studies showed a high similarity between the adsorbed α-La layer and the β-

Lg layer, i.e. thin, dense and negatively charged. The main stabilization mechanism to oppose 

colloidal van der Waals attractive forces was therefore still electrostatic repulsion in α-La-

stabilized emulsions. Moreover, the lack of the inter-droplet sulfydryl-disulfide interactions in the 

α-La-stabilized emulsions made the droplets more resistant to flocculation upon heating even in the 

presence of salt.  

In the case of β-casein (Chapter 5), the presence of a negatively charged and thick layer of 

β-casein adsorbed at oil-water interfaces gave the most stable emulsions under conditions of 

heating and/or the presence of salt as compared to β-Lg and α-La-stabilized emulsions. The 

combination of electrostatic and steric repulsive forces strongly opposed the van der Waals 

attraction between the droplets in β-casein-stabilized emulsions. In the final study of this project, β-

Lg and β-casein were investigated to stabilize a second colloidal system, i.e. the lipid liquid 

crystalline nanostructured particles (Chapter 6). The results showed that only β-casein, whose 

interfacial structure provide both steric and electrostatic stabilization, can oppose the van der Waals 

and hydrophobic attraction in such systems and therefore form stable cubosomes.  

 In conclusion, this project employed a range of biophysical techniques, i.e. SRCD 

spectroscopy, FFTF spectroscopy and DPI, for measurement of the interfacial structures of proteins 

adsorbed at oil-water or lipid-water interfaces and planar C18-water interfaces. These methods 

demonstrated great advantages in terms of in situ characterization of protein interfacial structure at 

three different levels, i.e. the secondary structure, the tertiary structure and the geometric 

dimensions. The structural studies in this thesis provided insight into mechanisms of protein 

structural rearrangement upon adsorption to oil-water or lipid-water interfaces by selecting a range 

of proteins (β-Lg, α-La and β-casein) and by manipulating external environments (oil polarity and 
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heating). Furthermore, the studies on the stability behaviour of the protein-stabilized colloidal 

systems (oil-in-water emulsions and lipid liquid crystalline nanostructured particles) under 

conditions of heating and/or salt addition revealed the interplay between the interfacial structure 

and the stabilizing function of these proteins in colloidal systems.  

The ability to determine protein conformations in colloidal systems at a high molecular 

level opens great potential for research on protein adsorption to liquid-liquid or solid-liquid 

interfaces. Future studies may investigate a wider range of proteins, interfaces and environmental 

conditions (pH, ionic strength, etc.) to gain a better understanding of how intrinsic molecular 

properties (internal disulfide bonding, flexibility, surface hydrophobicity, etc.), interfacial 

properties (hydrophobicity, etc.) and the environment mediate protein structural rearrangement and 

in turn the colloidal stability. These studies may help exploit an interesting phenomenon revealed 

in the studies in this thesis, i.e. the increase in the non-native α-helical conformation upon protein 

adsorption to oil-water interfaces. Furthermore, these studies may lead to protein engineering in 

order to improve their interfacial function, particularly through control of the surface-induced 

secondary structure, and to tailor the stability and physicochemical properties of emulsions.  

Emulsions used in food and pharmaceutical industries are more complex than the model 

systems studied in this thesis. Thus, studying more complex systems containing a mixture of 

proteins and/or surfactants as emulsifiers will be essential to further advance our understanding and 

apply the knowledge arising from basic research to industrial applications. Research in the field of 

food emulsion and drug delivery sciences has also focused on the physiological effects of the 

stability and properties of emulsions and lipid-based drugs once they are in the gastrointestinal tract. 

Studying the conformational changes of plasma proteins and enzymes such as lipases upon 

adsorption to the interface of emulsions and lipid particles may provide new information on how 

these proteins mediate the release of the cargo nutrients and drugs by these colloidal systems. Thus, 

emulsion engineering may well benefit from these types of studies. Overall, this project has 

characterized the adsorption of proteins to oil-water or lipid-water interfaces in colloidal systems of 

emulsions and lipid liquid crystalline nanostructured particles, which are commonly used or have 

great potential in food and pharmaceutical industries. New information obtained from this project 

and ongoing future work will therefore have significant implications in the development and 

improvement of the formulation and quality of products based on proteins in emulsions and lipid 

particles.     
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