
       

 

ABSTRACT 

CHRISTENSON, ANDREW.  Impact of Whey Protein Aggregates on the Formation and 

Stability of Oil-in-Water Emulsion Droplets. (Under the direction of Dr. Haotian Zheng.) 

 

 

 Emulsions stabilized by whey protein aggregates (WPAs) are of interest in food research 

for their improved stability and functionality.  Amphiphilic protein assemblies can be formed by 

aggregation of whey proteins into various morphological structures.  Three types of WPAs, 

including fractal aggregates (FAs), spherical aggregates (SAs), and whey protein microgels 

(WPMs) have been manufactured by heating WPI solutions (5%, 5% and 10% w/w, 

respectively) at 80C, 85C and 90C for 120 min, 60 min and 30 min, respectively, under 

different physicochemical environments for different time durations.  The morphological 

features of the prepared aggregates were studied and confirmed by transmission electron 

microscopy (TEM) and dynamic light scattering (DLS) technique.  The z-average diameters of 

the protein aggregates for WPM, SA and FA were around 1020, 4560 and 174 nm, respectively.  

The o/w emulsification mechanism of protein assemblies has not yet been fully understood, nor 

have properties at the interfacial surface of oil droplets stabilized by different protein assemblies 

with unique structural features been correlated with the stability of the emulsion against droplet 

coalescence.  In this study, we investigated the impacts of structural nature of three WPAs on the 

mechanics of particle stabilized oil-water interfacial film and o/w emulsion droplet storage 

stability.  The emulsion droplet surface excess concentrations of protein (Γ, mg/m2) at t=day0 

were measured as 26.8, 0.59 and 0.54 mg/m2for FA, SA, and WPM suggesting that the oil-water 

interface adsorption mechanism is different among the three types of aggregates.  The pendant 

drop shape analysis was performed for charactering interfacial tension and dynamics of 

spontaneous adsorption of protein particles.  The obtained results suggested the following 



       

 

ranking WPI>WPM>SA>FA in terms of interfacial adsorption rates as indicated by interfacial 

tension dropping curve as a function of adsorption time.  The surface hydrophobicity increased 

when converting native WPI to protein assemblies which ranks as WPI<WPM<FA<SA 

(P<0.05). SA particles had the highest ζ-potential (-77 mV) (P<0.05).  Oil-in-water emulsions 

(0.8% protein w/v, 20% oil v/v) were stabilized by each type of protein particles and the WPI 

respectively.  The droplet size was measured at three different time points including day0, 10 and 

100 to determine the droplet stability against coalescence.  Despite the fact FA had lower 

interfacial adsorption rate, FA-stabilized emulsion droplets were relatively more stable after 100 

days of storage (P<0.05) among the tested protein assemblies, measuring around 19% relatively 

change in D[4,3] compared to 25% and 24% for SA and WPM-stabilized emulsions droplets, 

respectively.  Whereas the WPI-stabilized emulsion had relative D[4,3] change of 0%.  

Therefore, the stability against coalescence between emulsions stabilized by the four materials 

investigated ranks as WPI>FA>WPM>SA (P<0.05).  It is concluded that WPAs do not 

necessarily enhance droplet stability against coalescence compared to WPI.  However, the 

structural features of protein assemblies do demonstrate significant impact on oil-water 

interfacial behavior and emulsion shelf-life coalescence stability. 
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CHAPTER 1: LITERATURE REVIEW 

Whey protein assemblies, their interfacial properties and emulsification capacities   
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1.1.Introduction 

Emulsions are common across a variety of industries including food, pharmaceuticals, 

and consumer products to name a few.  Common household items such as peanut butter, 

mayonnaise, and even moisturizing creams fall within the broad scope of emulsions.  Emulsions 

are formed when two immiscible fluids (e.g., oil and water) are mixed, with one dispersed as 

droplets while the other remains continuous (Robins, M. M., Watson, & Wilde, 2002).  It is 

probable that one fluid will have a higher capability of wetting the solid particles than the other, 

which determines the type of resultant emulsion and also greatly impacts its stability (Binks, 

Bernard P., 2002a).  In such instances the liquid of lesser wetting ability becomes the dispersed 

phase and vise versa (Bancroft, Finkle, Draper Hal, & Hildebrand Joel, 1915).  The two main 

forms of food emulsions are oil-in-water (o/w), or water-in-oil (w/o) emulsions.  In the case of 

o/w emulsions, water is the continuous phase while oil is dispersed throughout the water, which 

effectively acts as the “wetting phase”.  The opposite can be said for w/o emulsions, where oil 

acts as the continuous phase, and water the dispersed phase.  In the case of o/w emulsions, the oil 

phase is dispersed throughout in small droplets, referred to as emulsion droplets, which can 

greatly range in size depending on the specific materials used and their respective interfacial 

properties.  Food emulsions in particular are defined as macroemulsions whose droplets range in 

size from 0.2 to 50 microns in diameter and are comprised of a heterogenous mixture of fat or oil 

globules (Zayas, 1997).   

In food emulsion systems, in order to effectively prevent separation between the oil and 

water phases a material is needed to stabilize the oil droplets present to prevent creaming of the 

oil phase and achieve a homogenous mixture.  These stabilizing components are referred to as 

emulsifiers, which can take many forms.  Common industrial emulsifiers may include the likes 
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of starches, proteins, and small molecular surfactants.  It is known that small molecular 

emulsifiers, or surfactants, along with a range of macromolecules, are capable of stabilizing an 

oil-water interfacial layer within an emulsion system and therefore stabilizing o/w emulsion 

droplets in the aqueous phase (Dickinson & Bergenstahl, 1997; Dickinson, 2003; Zayas, 1997).  

Whey protein isolate (WPI) is an ideal emulsifier due to its amphiphilic nature and ability to 

stabilize an oil-water interface (Dybowska & Krupa-Kozak, 2020; HUNT & DALGLEISH, 

1995; Laleye, Jobe, & Wasesa, 2008; Nicolai, Britten, & Schmitt, 2011), enabling the 

stabilization of emulsions as a result of its relatively high surface activity (Cheng et al., 2019).  

To form a WPI stabilized o/w emulsion, mechanical shear is utilized to disperse oil droplets 

within the continuous water phase resulting in stabilization of the newly formed emulsion 

droplets as whey proteins adsorb onto the interfacial oil-water surface. The adsorbed proteins 

may undergo structural rearrangements such that the hydrophilic portions of the protein extend 

into the continuous water phase, while the hydrophobic ends penetrate the oil droplet surface and  

stabilize the interfacial film (Dickinson, 2001).  Moreover, the size of fat droplets within an oil-

in-water (o/w) emulsion can be altered through changing homogenization power density or shear 

stringency during their preparation, along with the concentration and type of protein emulsifier 

used (Dickinson, 2003). 

While oil-in-water emulsions stabilized by whey proteins are common in the food 

industry and are stable at room temperature, a major shortcoming of WPI emulsions is their low 

resistance to thermal heat treatment, which limits their industrial application (Qi, Xiao, and 

Wickham 2017; Setiowati, Saeedi, Wijaya, and Van der Meeren 2017).  Several studies have 

shown improved emulsion heat stability following specific pre-heat treatment protocol of whey 

protein dispersions prior to emulsion formation (Sarkar, Arfsten, et al. 2016; Gélébart et al. 2019; 
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Setiowati, Saeedi, Wijaya, and Meeren 2017), resulting in aggregated whey protein particles of 

various morphologies (Gélébart et al. 2019; Destribats et al. 2014; Sarkar, Murray, et al. 2016).  

Such heat treatments, which range between 80-90C and 0-12% protein content, alter the 

physical state of the protein through denaturation, forming soft, semi-rigid particles or aggregates 

that may irreversibly adsorb at the oil/water interfacial surface (Destribats et al. 2014; Dickinson 

2003; Wu et al. 2015a; D. Li et al. 2018a; McSweeney and O’Mahony 2016).  This class of 

emulsions are referred to as Pickering emulsions (Pickering 1907).  

In addition to the benefits of improved shelf and heat stability, the concept of pre-heat-

treated whey protein emulsifying materials extends its benefits to other industrial applications as 

well.  The demand for Pickering emulsion processing technologies has resulted in numerous 

reviews published surrounding the characterization of surface-active particles (Binks and 

Lumsdon 2000; Çakır-Fuller 2015; Cheng et al. 2019; Demetriades, Coupland, and McClements 

1997; Dybowska and Krupa-Kozak 2020; Gélébart et al. 2019; M. Xiao et al. 2018; Y. Xiao et 

al. 2018; Michalski 2009; J. Yang et al. 2020), investigation of emulsion stability  (Destribats et 

al., 2014; Dybowska & Krupa-Kozak, 2020; Li et al., 2018; Wagoner & Foegeding, 2017; Zhou, 

Sala, & Sagis, 2020a), designing Pickering o/w droplets as of delivery vehicles of nutrients 

(Deloid et al., 2018; Lim et al., 2020; Sarkar et al., 2016; Sarkar et al., 2019; Wilde & Chu, 

2011), and texture modulation of food and other applicable emulsions (Deloid et al., 2018; 

DEMETRIADES et al., 1997; Gélébart et al., 2019; Ipsen, 2017). 

Whey proteins are derived from bovine milk, comprising roughly 20% of total milk 

protein (Brodkorb, Croguennec, Bouhallab, & Kehoe, 2016).  Numerous studies have been 

conducted on its main components, -lactalbumin (14.2 kDa) and -lactoglobulin (18.3 kDa), 

proving their use as techno-functional materials in the modulation of texture (Demetriades, 
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Coupland, and McClements 1997; Gélébart et al. 2019; Ipsen 2017), thickening (Brodkorb et al., 

2016; Dickinson, 2003), emulsification (Lim et al., 2020; Madadlou et al., 2020), and gelation 

(Nicolai and Durand 2013; Yost and Kinsella 1992).  While there is growing interest in Pickering 

emulsions for their many benefits and potential in industrial applications, there is still a lack of 

knowledge which elucidates the mechanism responsible for the adsorption of whey protein 

aggregated particles with different morphologies. Moreover, research efforts focusing on the 

impact of structure features on oil-water interfacial behaviors and emulsion coalescence stability 

are scarce.  Many factors play a role in determining the stability of emulsion droplets against 

aggregation and coalescence , namely surface charge, surface hydrophobicity, surface load, 

interfacial tension, surface free energy, contact angle, and interfacial rheological properties, 

which are discussed in this review (Foegeding et al. 2002; Marze 2013; X. Zhou, Sala, and Sagis 

2020; Dombrowski et al. 2016; Wierenga et al. 2006).  It is important to understand how each of 

these properties and the morphology of the whey protein self-assembly particles may determine 

the adsorption mechanism and mechanical properties at the oil-water interfacial surface and 

overall stability of a Pickering emulsion system. 

 

1.2. Whey Protein and whey protein self-assemblies 

1.2.1.Whey protein and whey protein ingredients 

Whey protein contains a rich, heterogeneous mixture of secreted proteins.  The major 

whey proteins are ß-lactoglobulin (ß-lg), 𝛼-lactalbumin (𝛼-lac), bovine serum albumin (BSA) 

and other protein components including lactoferrin (Lf ), immunoglobulins (Ig) and minor 

proteins (Smithers 2008).  Whey protein ingredients are capable of being tailored to benefit 

techno-functional properties by manipulating the protein/non-protein composition (Foegeding et 
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al. 2002; Chevallier et al. 2016; Lam and Nickerson 2013).  Modifications of whey proteins via 

enzymatic hydrolysis, heat-induced aggregations or polymerization have a wide promise for 

specific functionalities in many applications.  Such modifications are assessed by discussing how 

they alter interfacial properties (Jeewanthi, Lee, and Paik 2015).   

Whey is a term that refers to the green-to-yellow clear liquid created during the cheese 

making process that must be separated from acid or rennet-induced curd before further 

processing into cheese, after the majority of casein proteins are withdrawn from the milk. During 

the cheese making process k-casein is cleaved from casein micelles in milk via chymosin present 

in rennet, resulting in curdling of the casein micelles which effectively emulsify fat globules 

present in the curd and leaving behind glycomacropeptide (GMP) in the free whey liquid phase 

(Daviau 2000).  The liquid portion of whey that remains contains mostly serum proteins, and 

small amounts of lactose, vitamins, and minerals.  Depending on how the curd is processed, 

different types of whey can be made.  Mainly, this means either sweet whey or acid whey, where 

sweet whey is generally defined as whey produced at pH of 5.6 or higher, while acid whey has a 

pH below 5.6 (Guo 2019).  Sweet whey is generally higher in protein and lactose content, but 

lower in minerals (Onwulata, Huth, and Tunick 2008).  Due to the huge volumes of cheeses 

produced today, cheese whey or “sweet” whey is the major whey available on the market today 

(Guo 2019). The two most common forms of dried whey proteins are whey protein concentrates 

(WPC) and whey protein isolated (WPI), containing 34-80% and ≥90% protein, respectively 

(McSweeney and O’Mahony 2016). While these products have become a major source of dietary 

protein for everyday consumers and athletes alike, they are also frequently utilized as emulsifiers 

and/or stabilizers in food applications (Guo 2019). 

.   
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β-lactoglobulin is the major whey protein and composes between 50 and 60% of total 

whey protein content in natural cow’s milk (Liang et al. 2016).  ß-lactoglobulin is water-soluble 

(Divsalar et al. 2009) with an average weight around ~18.3 kDa (Yadav et al. 2015),  diameter 

near 3-5 nm and IEP of 5.2 (Bolder et al. 2007).  Both ß-lactoglobulin variants, A and B, differ 

slightly with respect to thermal stability and their reactivity (Meza-Nieto et al. 2012).  Schokker 

and co-authors were able to demonstrate that these attributes may result in differences in rate of 

protein aggregation and aggregate size between the A and B variants (Schokker et al. 2000). 

 

1.2.2.Whey protein denaturation, aggregation mechanisms and formation of distinct particle 

morphologies 

It has been well established that the application of heat past ~60C causes whey proteins 

to unfold or denature (Euston, Finnigan, and Hirst 2000; Gough and Jenness 1962; Weijers et al. 

1998; Brodkorb et al. 2016; Schmitt et al. 2011; Croguennec et al. 2003) to form semi-solid 

whey protein aggregates of different structures under various physiochemical conditions 

(Weijers et al. 1998; Chihi et al. 2016; Mahmoudi, Axelos, and Riaublanc 2011).  Jiang an co-

workers (2018) reported that whey protein isolate (WPI) is the ideal whey protein ingredient for 

emulsification in terms of stability and homogeneity of gels as opposed to whey protein 

concentrate (WPC) (Jiang et al. 2018).  Upon preheating at temperatures exceeding 70C for 2 

minutes, ß-lactoglobulin, a major component of whey, begins to irreversibly denature (Iametti’ et 

al., n.d.), resulting significant alterations to its secondary and tertiary structures (Noh and 

Richardson 1989; Corredig and Dalgleish 1999).  Furthermore, upon heating at temperatures 

greater than 90C for 4 min, extensive denaturation occurs (Fairise, Cayot, and Lorient 1999), 

with nearly 99.9% of ß-lactoglobulin and 98.3% of -lactalbumin being denatured (Noh and 
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Richardson 1989).  Protein aggregation may be induced by the mentioned heat treatments,  the 

aggregation is affected by many factors (Brodkorb et al., 2016).  These factors may include 

parameters such as whey protein composition, heating temperature-time combination, protein 

and salt concentration, and pH and ionic strength of the physiochemical environment (Brodkorb 

et al., 2016; Creamer et al., 2004; Nicolai & Durand, 2013).  As described by Brodkorb at co-

authors (2016), the exposure of whey proteins to heat results in the unfolding of the protein 

primary structure to form protein aggregates, and may also form extensive gel networks through 

hydrophobic, covalent, and electrostatic interactions between denatured structures .  It was also 

stated that individual whey proteins denature and unfold at specific temperatures.  For example, 

-lactalbumin temperature of denature is 62°C, while -lactoglobulin unfolds beginning around 

78°C  (Brodkorb et al., 2016; Kinsella & Whitehead, 1989; Nicolai & Durand, 2013).   

In a study of the denaturation kinetics of -lg, -lactoglobulin B was shown to denature 

at a quicker rate than -lactoglobulin A in a milk-and-buffer solution (Gough & Jenness, 1962), 

while the addition of -lg to -lac (as both are naturally occurring in whey proteins) increased 

denaturation rate as well (Chaudry & Humbert, 1968).  During denaturation, hydrophobic 

residues in the core of the whey proteins are exposed as low-energy bonds that stabilize the 

secondary and tertiary structures of whey protein are broken (Kella & Kinsella, 1988).  This 

means that when protein concentration is sufficient, disulfide bonds and hydrophobic forces 

promote aggregation between the individual proteins, effectively modifying their surface 

properties such as charge and hydrophobicity (Donato & Guyomarc'h, 2009a; Kella & Kinsella, 

1988; Mahmoudi et al., 2011).  Chaudry and Humbert discovered that the initial unfolding step 

during the denaturation process is followed by several rearrangements of the protein structure 

and irreversible aggregation of activated intermediates  (Chaudry & Humbert, 1968).  The 
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unfolding process exposes hydrophobic groups at the protein surface, along with disulfide bonds 

and free sulfhydryl groups, allowing for further intramolecular disulfide bonding via oxidation 

reactions or rearrangements (Chaudry & Humbert, 1968; Roefs, Sebastianus P. F. M. & De 

Kruif, 1994).  The model presented by Roefs (1994) involves three main sequences during 

denaturation of whey proteins.  These include i) activation, ii) propagation, and iii) termination 

(Roefs, Sebastianus P. F. M. & De Kruif, 1994).  Equations 2-4 were adapted from literature to 

elucidate their model, where D2 is the non-covalent dimer of -lg, D* is the activated monomer, 

and D2
* is an activated dimer of -lg (Roefs, Sebastianus P. F. M. & De Kruif, 1994).   

𝐷2 ⇋ 2𝐷 → 𝐷∗(𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛)  (1) 

Upon heating, the whey protein unfolds and rearranges, forming a non-native monomer 

(McSwiney, Singh, & Campanella, 1994) with a free sulfhydryl group at its surface, which is 

then available for further reaction.   

𝐷 + 𝐷𝑖
∗ → 𝐷𝑖+1

∗  (𝑝𝑟𝑜𝑝𝑜𝑔𝑎𝑡𝑖𝑜𝑛)  (2) 

The activated -lg can now react with other -lg molecules, resulting in activated dimers (D2
*).  

Aggregation takes places by way of interchange reaction in which the breaking of disulfide 

bonds to expose sulfhydryl groups, which react with the exposed sulfhydryl group on the 

activated -lg surface.  In short, the leftover sulfhydryl groups remaining that had previously 

been involved in disulfide bonding in the native -lg now reside on the aggregate surface to 

allow for further propagation.  Termination then occurs once two sulfhydryl groups on activated 

-lg monomers (D*) react with one another to form disulfide bonds, effectively eliminating free 

sulfhydryl groups that allow for further propagation.  

𝐷𝑖
∗ + 𝐷𝑘

∗ → 𝐷𝑖+𝑘  (𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛)  (3) 
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There exist three methods to control or manipulate the rate of denaturation to, resulting in 

making unfolding of the proteins the rate-limiting step in the reactions outlined, effectively 

slowing denaturation (Weijers, Barneveld, Cohen Stuart, & Visschers, 1998).  These include i) 

lowering the heating temperature, ii) adjusting pH to near the PI, and iii) increasing salt 

concentration Conversely, high temperatures, pH far from the IEP, and low salt concentrations 

will result in a much quicker denaturation process (Weijers et al., 1998).   

 The mechanisms of heat-induced denaturation of whey proteins have been explored 

extensively  (Hussain, Gaiani, Jeandel, Ghanbaja, & Scher, 2012; Otte, Zakora, & Qvist, 2000; 

Tobitani & Ross-Murphy, 1997; Weijers et al., 1998).  Covalent bonds between cysteine residues 

and thiol groups are mainly responsible for the irreversible linkages occurring during aggregation 

(Hussain et al., 2012), although hydrophobic interactions, van der Waals forces, and electrostatic 

interactions play roles, which are all affected by salt concentration, pH, and heating temperature 

as discussed previously (Brodkorb et al., 2016; Considine, Patel, Anema, Singh, & Creamer, 

2007; Weijers et al., 1998).  Following denaturation, -lactoglobulin forms oligomers and 

soluble aggregates initially, while further heating results in the formation of larger colloidal 

particles that can be detected via light scattering techniques (Pouzot, Nicolai, Visschers, & 

Weijers, 2005).  To demonstrate the importance of temperature and ionic strength, Mahmoudi 

and co-workers discovered that aggregates of significantly larger mass were formed with 

increasing temperature (80-120C) regardless of ionic strength, while aggregates formed at high 

ionic strength (0.1M NaCl) resulted in diameters roughly twice that of aggregates formed in 

conditions at low ionic strength (0.003M NaCl) (Mahmoudi et al., 2011), reducing the Debye 

double layer and effectively screening the electrostatic repulsions between the protein molecules 

until they aggregate (Mahmoudi, Axelos, and Riaublanc 2011; Mahmoudi et al. 2010).  Figure 1 
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demonstrates the mechanism of how -lactoglobulin unfolds and denatures at pH 7.0 and 75C+ 

(duration 60 min) to expose the free sulfhydryl group at the Cys121 position (Croguennec, 

Bouhallab, Mollé, O’Kennedy, & Mehra, 2003) and propagate disulfide bonding (Sawyer, 1968).    

 

Figure 1: Mechanism of denaturation of 2 g·L-1 whey protein solution near pH 7, adapted from 

Sawyer, W. H, (1968).  Native -lactoglobulin in dimer form, P2, begins to dissociate above 

20C into monomers, 2P. -lactoglobulin rearrangement occurs simultaneously, and this 

rearrangement exposes free sulfhydryl groups which increase reactivity (Dunnill and Green 

1966), forming an unfolded specie, 2Q, which associates to Qn’ via disulfide interchange and 

sulfhydryl oxidation reactions.  It is possible for the unfolded 2Q structure to aggregate to Qx 

without disulfide bonds, if a sulfhydryl blocking agent is present (Sawyer 1968). 

 

 Protein concentration and salt concentration play vital roles in aggregation in whey 

proteins.  The work of Havea et al. 1998 noted that hydrophobic interactions increased in 

solutions of -lactoglobulin and -lactalbumin when protein content was raised (Havea et al. 

1998).  In fact, gelation, whose properties depend on both protein and salt concentrations, may 

occur with adequate heating if protein concentration is above the critical concentration necessary 

(~10%), such as in work from Mulvihill and co-workers (1990), where -lactoglobulin solutions 

(10% w/v) were heated at 90C for 30 minutes, which did not produce self-stable gel networks 
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unless in the presence of NaCl in concentrations near 25 mmol/dm3 (Mulvihill, Rector, and 

Kinsella 1990).  This gelation is a result of further aggregation (secondary aggregation) 

following primary aggregation of aggregates (Nicolai et al., 2011; Nicolai & Durand, 2013; 

Sullivan, Khan, & Eissa, 2008).  (Jiang et al. 2018) suggests that free sulfhydryl (SH) groups, 

which are buried away in the native whey protein tertiary structure, decrease in number upon 

heating beyond 80C for both polymerized WPC and WPI.  Further, it was discovered that total 

SH counts were most greatly reduced at 85C for polymerized WPC across protein 

concentrations (8-12 wt%).  This is in agreement with another study (J.-M. Wang et al. 2012), in 

which the reduction in total free SH groups was attributed to oxidation reactions and/or 

conversion of SH groups into disulfide bonds via the mechanism highlighted earlier.  

Upon analysis of aggregates formed via heat treatment between 72 and 93°C, it was 

proven that -lg B caused the formation of disulfide-linked trimers formed via hydrophobic 

reactions (Considine et al., 2007).  Henceforth, it is suggested that disulfide linkages apart from 

the Cys121- Cys121 play a primary role in forming covalent dimers and large covalent aggregates 

of -lg solutions (Croguennec et al., 2003).  In fact, Surroca and co-authors (2002) suggests that 

Cys121, Cys66, and Cys160 are the residues primarily surrounding molecular disulfide linking, 

going on to prove Cys160 develops linkages with peptides derived from -lactalbumin (Surroca, 

Haverkamp, and Heck 2002). 

Different types of aggregates can be formed from a whey protein solution by varying 

protein concentration, ionic strength, temperature and pH (Donato & Guyomarc'h, 2009; Li, W. 

et al., 2016; Liu et al., 2016; Mahmoudi et al., 2011; Torres et al., 2018a).  Heat treatment is 

applied to native whey protein dispersions ranging from 80-90 °C for a duration of 0.5-2 hours 

depending on physiochemical parameters and protein concentration, yielding different 
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morphologies of aggregates and/or protein gel networks (Gélébart et al., 2019; Sarkar et al., 

2016).  At their isoelectric point, a pH near 5.8, whey proteins are weakly charged and easily 

form dense, spherical structures referred to as “microgel aggregates” (MA).  Microgel 

aggregates, as reported in Gélébart and co-workers (2019), tend to have a particle z-average 

diameter of 150-200 nm, but were also noticed in small clusters of diameter 450 nm.  However, 

when pH is close to neutral (e.g., pH 7), whey proteins are negatively charged and can form 

“fractal aggregates” (FA) (Gélébart et al., 2019; Mahmoudi et al., 2011).  Adding sodium 

chloride (e.g., 45 mM) reduces electrostatic repulsions, a phenomenon referred to as electrostatic 

screening, to form large, dense FAs with mean diameter around 230 nm (Gélébart et al., 2019).  

The geometries of whey aggregates are changeable after the original shape is formed.  According 

to Mahmoudi and co-authors 2011, increased temperature (15g/L WPI solutions, 0.003M NaCl, 

pH 7 heated at 80C, 100C and 120C) results in larger aggregates and a shifting of structure 

from fractal aggregates to spherical aggregated microgels due to a decrease in activation energy 

of the denaturation of β-lactoglobulin when temperature is increased (Mahmoudi et al., 2011).  

Fractal aggregates are distinctly branched in structure and also form clusters and over-

aggregates, whose size can be regulated according to ionic strength (Gélébart et al., 2019).  Like 

native whey protein isolate (NWPI), both MA and FA have an ability to cover a large o/w 

interfacial surface area within an emulsion to stabilize droplets (Gélébart et al., 2019; Kiokias & 

Bot, 2006).  It has been reported that whey proteins in heat treated dispersions express either 

increased or decreased adsorption kinetics at the air/water interface compared to parental non-

heat-treated solutions (Davis & Foegeding, 2004; Mahmoudi et al., 2011; Wang, Z. & 

Narsimhan, 2005).  Details surrounding these contradictory observations are unknown, however, 

it is likely attributed to protein concentration and morphology, including size and structure 
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(Mahmoudi et al., 2011).  In these mentioned works, the protein particles were manufactured by 

spontaneous aggregation of individual protein molecules during heat treatment due to alteration 

of molecular interactions, which force molecules to rearrange. This fabrication method is 

referred as bottom-up method (McClements 2014).  

Similar to MGAs and FAs, a third material that has shown promise as a Pickering 

emulsifier are “spherical microgel” particles (SMPs) derived from whey protein, introduced by 

Sarkar et al and Destribats et al (Destribats et al., 2014; Sarkar et al., 2016).  These particles are 

formed through breaking down heat induced bulk gel into smaller microgel particles using high 

mechanical shear (Sarkar, Murray, et al. 2016), this method is also referred as a top-down 

processing approach (McClements 2014).  These particles tend to have a larger z-average 

ranging between 250 and 300 nm (d32) as reported by Sarkar (2016), which agrees with the 

findings of Mahmoudi and co-workers (2011), who manufactured whey protein microgels using 

an industrial counter-current plate heat exchanger, as opposed to forming a bulk WPI gel 

network, at 80C, 100C and 120C for a duration of 17-219 seconds.  In this mentioned work it 

was found that higher temperatures typically result in larger diameters in particles formed from 

whey protein (Mahmoudi et al., 2011).  It is worth noting, the mentioned z-averages were 

measured from micro-filtrated samples, meaning the larger particles had been discriminated.  

Sarkar and co-workers (2016) also measured the D[4,3] for the same bulk sample, and found the 

mean D[4,3] was 16.70 µm using dynamic light scattering, however, the particle size distribution 

was bimodal with peaks at 0.1 µm and 11 µm.  The results suggest that protein microgel particles 

derived from top-down technique are much larger than those generated from bottom-up 

approach.  Typically, the gel is diluted and homogenized after preparation to create roughly 

spherical particles of varying diameters depending on homogenization pressure (Argov, Lemay, 
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& German, 2008; Sarkar et al., 2016).  Therefore, it is reasonable to hypothesize that these 

particles may be considered advantageous as their size can be chosen based on altering the 

specific homogenizing parameters for the intended purpose.  

 As discussed, many studies have shown that whey proteins are capable of aggregating 

into distinct various geometries via heat treatments under different physiochemical conditions as 

a result of varying pH, protein concentration, and/or ionic strength via salt addition, (Brodkorb et 

al., 2016; Gélébart et al., 2019; Nicolai et al., 2011; Nicolai & Durand, 2013; Pouzot et al., 2005; 

Sarkar et al., 2016), whose formation mechanisms are highly sensitive to protein quality and the 

presence of minerals (Nicolai & Durand, 2013).  Various heating protocols of whey protein 

isolate solutions can result in the formation of one of four distinct structures: i) fibrils, ii) flexible 

strands, iii) dense spherical particles, and iv) fractal aggregates (Nicolai & Durand, 2013).  When 

pH is near the isoelectric point of proteins, usually ~5.8 (Dickinson, 2001; Joseph F. Zayas, 

1997), whey proteins’ surface charge is nearly neutral, and may easily aggregate to form 

spherical, microgel aggregates (MGAs) as they are commonly titled (Donato & Guyomarc'h, 

2009; Nicolai & Durand, 2013).   

 The pH of solution has proven to be another critical factor in aggregate formation.  

Alteration of pH affects electrostatic charges on the protein surface, and can even determine the 

temperature of denaturation for whey proteins (Twomey et al. 1997; Matsudomi et al. 1992).  

Lowering pH can in fact lower gelation time (Tobitani & Ross-Murphy, 1997), while pH near 

the isoelectric point of whey proteins (~5.8) promotes secondary aggregation (gelation) due to 

lowering of electrostatic charges on the protein’ surfaces  (Nicolai & Durand, 2013).  As 

demonstrated in Figure 2 below, even the structure of gel formed varies with pH.  At pH far from 

PI, electrostatic forces dominate, and resultant aggregates and gels possess a coarse, branched 
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structure up to 1m in diameter (Ikeda & Li-Chan, 2004; Nicolai & Durand, 2013).  While pH is 

clearly important, salt content also greatly affects the extent of aggregation and morphology of 

resultant particles (Nicolai & Durand, 2013).  Lastly, addition of NaCl prior to heating can create 

the same effect as lowering pH through a phenomenon referred to as electrostatic screening, 

where repulsive forces between proteins are reduced and promoting covalent bonding 

(Matsudomi et al., 1992), and shifting morphology from fine strands to microparticles at higher 

salt content (Komla Ako, Taco Nicolai, Dominique Duranda and Guillaume Brotons, 2009), and 

decrease in gelation temperature of WPI solutions (Hussain et al., 2012).  

 

 

Figure 2: Effect of pH and ionic strength on formation of whey protein aggregates during 

denaturation.  Increasing ionic strength (arrow) allows for larger extent of intermolecular 

aggregation via sulfhydryl group exchange and oxidation reaction via charge screening effects. 

IEP being isoelectric point. 
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However, altering pH away from electrostatic neutrality (e.g., pH 7) causes the whey 

proteins to be negatively charged and form fractal aggregates (FAs), whose size can be altered 

through increasing NaCl concentration to lower electrostatic repulsions (Mahmoudi et al., 2011; 

Nicolai et al., 2011).   Microgel aggregates and fractal aggregates differ slightly in their primary 

aggregation process and are formed near the IEP ranging between 50 nm and several microns in 

diameter depending on pH, and form thick, three-dimensional layers at an interfacial surface 

when stabilizing an emulsion (Mahmoudi et al., 2011; Nicolai & Durand, 2013).  It is also 

suggested that the formation of microgels (MGAs) and/or fractal aggregates (FAs) from a WPI 

solution is quite sensitive to pH and protein concentration.  Previous results showed decreasing 

diameter when pH > IEP, along with a decrease in microgel formation beyond a concentration of 

4 wt% (Nicolai & Durand, 2013).  However, increased protein concentration may lead to 

secondary aggregation (Nicolai & Durand, 2013), formed through the principal of disulfide 

linkages (Brodkorb et al., 2016), resulting in a dense gel network which can be homogenized to 

produce large, spherical structures (dissimilar to microgel aggregates) titled as spherical 

microgel particles (SMP) (Sarkar et al., 2016).  Nicolai and Durand (2013) state that a pH of 5.8 

produces microgel aggregates in the 200 nm radii range, while pH 6.0 resulted in radii near 60 

nm.  Destribats et al. (2014) proved that whey protein microgel aggregates’ hydrodynamic 

diameter, surface charge, and dispersion stability can all be impacted by salt concentration and 

pH (Destribats et al., 2014).  It was shown that dispersion stability and particle diameter reached 

a minimum as pH approached the isoelectric point of whey protein (IEP), between pH 4.0 and 

5.0 (Destribats et al., 2014), where net surface charge was near zero.  Likewise, whey protein 

particles may also be constructed from homogenizing heat-induced whey protein isolate gels 

(Destribats et al., 2014; Sarkar et al., 2016) where the resultant whey protein particles are termed 
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as whey protein microgels (WPM).  These whey protein aggregates or microgel particles may be 

o/w interface active, and therefore may be used to stabilize oil droplets in Pickering emulsions.  

In addition, micro-particulated whey protein, including microgel aggregates (MGAs) and fractal 

aggregates (FAs), are surface active soft solid particles that can be manufactured via heat 

treatment of commercial whey protein isolate solution solutions.  The work of Schmitt and co-

workers (2010) has shown that hydro-repulsive forces and disulfide bonding promote their 

aggregation, which is regulated by both relative -lactalbumin/-lactoglobulin concentrations 

and pH—where maximum aggregation (~80%) occurs at pH near 5.7 (Schmitt et al., 2010; 

Schmitt, Bovay, Vuilliomenet, Rouvet, & Bovetto, 2011).  Whey protein microgels and microgel 

aggregates are both more heat stable than native whey proteins, even though each NWPI and 

heat-treated   aggregates/gels are surface active and capable of stabilizing o/w emulsions (Çakır-

Fuller, 2015; Schmitt et al., 2010; Schmitt et al., 2011).  In fact, in a study presented by Çakir-

Fuller and co-workers (2015), it was confirmed that heat treatment of whey proteins to form 

microparticles prior to emulsion preparation resulted in increased heat stability (Çakır-Fuller, 

2015), where aggregated whey protein-stabilized emulsions resisted gel formation under heat 

treatment at protein concentrations upwards of 12wt%, whereas native whey proteins were only 

stable up to 4wt% (Çakır-Fuller, 2015).  The work of Destribats and co-workers (2014) also 

showed that WPM formed stable emulsions at pH above.  In summation, colloidal stability and 

resultant particle size are most heavily impacted by overall particle charge, which is affected by 

pH and ionic strength (Cheng et al. 2019; Demetriades, Coupland, and McClements 1997; 

Destribats et al. 2014; Mahmoudi, Axelos, and Riaublanc 2011; Keowmaneechai and 

McClements 2002).  The secondary and tertiary structures of whey proteins are denatured during 

this heating step through the breaking of low-energy bonds, namely Van der Waals and hydrogen 
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bonds.  Hydrophobic residues are exposed at the surface, meaning that an adequate concentration 

of protein promotes disulfide bonding and hydrophobic interactions between the denatured 

proteins to form aggregates via disulfide bridges and additional low-energy bonding (Gélébart et 

al., 2019; Kella & Kinsella, 1988).  Henceforth, hydrophobicity and surface charge of the 

original proteins are modified (Donato & Guyomarc'h, 2009b; Gélébart et al., 2019; Mahmoudi 

et al., 2011).   

 

1.2.3. Characterization techniques for the nature of protein aggregates  

 Characterization of particles manufactured from whey protein is important in analyzing 

both physical nature of the material and functionality.  Several microscopy techniques can be 

used for analyzing and verifying the physical nature of protein aggregate particles.  A short list 

of microscopy techniques includes, but is not limited to, transmission electron microscopy 

(TEM), cryo scanning-electron microscopy (cryo-SEM), confocal-scanning electron microscopy 

(CLSM).  Transmission electron microscopes (TEM) are microscopes that use a particle beam of 

electrons to examine specimens and generate a high-magnification visualization in grey scale 

format (non-color).  TEMs can magnify particles to nearly two million times and are valuable in 

visualizing protein nano- and microstructures.  Multiple recent studies have used this technique 

to image heated whey protein isolate and cold whey protein gel networks before and after Fe2+ 

addition (Pereira et al. 2017), in addition to visualizing the structures of lactoferrin-

glycomacropeptide nanohydrogels down to 50 nm (Bourbon et al. 2015).  TEM methods vary but 

typically involve negative staining and carbon grids and provide the unique advantage of 

zooming in on nanostructures in their native state, since no freezing or dehydration is required.  

An example is included below, see Figure 3, of microgel aggregates (0 mM NaCl) produced 
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through the work of Gélébart and co-workers (2019) after heating 5% w/w WPI solution for 60 

minutes at 85C.  TEM allows for the visualization of minute protein structures in their native 

state without potential disruption to their morphologies as a result of various disruptive sample 

preparation methods.  Additionally, TEM generally provides high-quality resolution and 

therefore structural features of nanoparticles can be easily deduced.   

 

Figure 3: TEM micrograph of spherical microgel aggregates (0 mM NaCl) produced through the 

work of Gélébart and co-workers (2019) after heating 5% w/w WPI solution for 60 minutes at 

85C (Gélébart et al. 2019).  Scale bar set to 1 micron. 
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Jiang and co-workers (2018) analyzed polymerized WPI and WPC microstructures (10 wt%) 

using a TEM microscope to find that the protein gel networks formed by WPI (30 min, 85C) 

were more homogenous, denser, and continuous when compared to WPC, which is likely 

attributed to a larger presence of disulfide bonding in WPI emulsions (Jiang et al. 2018).  Milk 

fat globule membrane (MFGM)/lecithin dispersion were imaged by Chen and group (M. Chen, 

Sagis, and Sun 2020) to show that MFGM lamellar particles break down and reorganize during 

ultrasonication and are multi-modal in their size distribution.  

 Cryo-scanning-electron microscopy (cryo-SEM) is another emerging technique for 

characterizing nanomaterials which involves a combination of SEM imaging with a cryogenic 

(freezing) sample preparation.  This allows for the imaging of materials containing moisture in 

their natural, hydrated state without drying.  Several studies have been published using cryo-

SEM to analyze whey protein aggregate structures, including revealing a thin film between 

particle aggregates stabilizing a heptane-water emulsion droplets (Destribats et al. 2014) or 

analysing WPI-stabilized o/w emulsions roughly 1 µm in diameter using 1:10 oil-to-water (v/v) 

fraction (Wu et al. 2015a).  Destribats and co-workers utilized this optical microscopy technique 

to examine emulsion droplets stabilized by WPI at different protein concentrations immediately 

following preparation at pH 4.7, as seen in Figure 4, illustrating how increasing protein 

concentration from 0.1% w/w to 0.6% w/w results in smaller droplet diameter when the oil 

fraction is held constant (50% v/v oil) between samples (Destribats et al. 2014).  A major 

limitation of cryo-SEM, however, is its inability to focus on individual particles on the nano 

scale.  Generally speaking, cryo-SEM is only effective on a micron level.  Further, the additional 

freezing step prior to analysis has the potential to disrupt structural features of a protein sample 

or distort the image if the freezing step is performed improperly.  
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Figure 4: Optical image of emulsion droplets stabilized by WPI at different protein 

concentrations immediately following preparation at pH 4.7 (Destribats et al. 2014).  Scale bar 

set to 200 microns. 

 

 Confocal laser scanning microscopy (CLSM) is another optical imaging technique, 

namely used to enhance optical resolution and contrast of a micrograph using a pinhole to block 

light that is out of focus and creating a 2D graph.  This variation of microscopy works by 

collecting multiple two-dimensional images at different depths to construct a three-dimension 

structure, known as optical sectioning.  Light travels through the sample under a conventional 

microscope into the sample, while a confocal microscope is used to focus a small beam of light 

at one narrow depth level at a time.  The CLSM achieves a controlled and highly limited depth of 
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field, as seen in Figure 5 below, in work from and Abhyankar and co-workers (2011) 

demonstrating the structures of emulsion-filled gels using whey protein (WP) and WP-NaCN at 

0 and 50 mM NaCl (Abhyankar, Mulvihill, and Auty 2011).   

 

Figure 5: Emulsion-filled gels using whey protein and whey protein-NaCN at 0 and 50 mM NaCl 

(Abhyankar, Mulvihill, and Auty 2011).  

 

This capability provides a unique advantage of analyzing structures at deeper than surface-level 

within a given sample.  Several groups have used this technique for analyzing whey protein 

aggregates, including demonstrating the reduction in size of droplets within whey protein 

emulsion-filled gels (Abhyankar, Mulvihill, and Auty 2011), and/or surface topography of heat-

set WPI gel (14 wt%) resulting in mushroom-shaped tips at the gel surface (J. Chen, Moschakis, 
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and Pugnaloni 2006). However, CLSM is not as capable as TEM and SEM techniques in terms 

of characterizing the structural details of individual protein self-assemblies. CLSM is a powerful 

technique for characterizing bulk system structure in which protein assemblies are involved e.g. 

emulsion and gel systems.  

 Small-angle neutron scattering (SANS) and small-angle x-ray scattering (SAXS) are 

additional experimental techniques used for analyzing materials on the nano scale and are similar 

forms of small angle scattering (SAS).  SANS is used to investigate the structure of various 

mesoscale (1-100 nm) particles via elastic neutron scattering in which a beam of neutrons is 

aimed at a sample (liquid or solid) and interact elastically with the nuclei and magnetic moments 

of unpaired electrons present.  SAXS works similarly, using x-rays instead of neutrons, which 

interact with the electron cloud in the given sample, thus creating larger effects when larger 

elements are present.  Both SANS and SAXS use angles typically between 0.1 to 10 and have 

been used in research for capabilities reaching as far as analyzing globular protein structures at 

the air-water interface of an emulsion system (Mahmoudi et al. 2010), to understanding 

structural changes of whey protein aggregates during a millifluidic continuous process (Vilotte et 

al. 2021).  Stradner and co-workers (2004) provide detailed work exemplifying the uses of SANS 

and SAXS in combination.  In their work, which is presented in Figure 6, a lysozyme 

concentration series at 5C is performed using A) SAXS, where results show the normalized 

scattering intensities, I(q)/c, decrease with increasing concentration to indicate strong repulsive 

interactions and strong positional correlation amongst the proteins investigated.  Further, SANS, 

results shown in Figure 6 B I-II, helps to elucidate structural features as a result of temperature, 

indicating large aggregates at low temperatures in greater quantities compared to smaller 

aggregates in larger quantities with higher temperatures (Stradner et al. 2004).  
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Figure 6: Lysozyme concentration series at 5C is performed using A) SAXS, where Seff (q) of 

samples from 36 mg/ml (open squares) to 273 mg/ml (filled circles).  Results show the 

normalized scattering intensities, I(q)/c, decrease with increasing concentration to indicate strong 

repulsive interactions and strong positional correlation amongst the proteins investigated.  B I) 

254 mg/ml (filled symbols) and 169 mg/ml (open symbols) lysozyme solutions at 25C and at II) 

5C (Stradner et al. 2004). 

 

 

 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) is a tool 

commonly used to separate proteins based on their molecular weight.  SDS-PAGE allows for not 

only the identification of proteins present in a sample, but also quantification.  Furthermore, 

performing gel electrophoresis under different physiochemical conditions allows the user to 

deduce the nature of chemical bonds and/or interactions present in the given sample.  For 

example, reduced conditions may be achieved via the addition of a reducing agent such as β-

mercaptoethanol (ß-ME), which effectively helps break or disrupt intermolecular disulfide bonds 

and/or interactions in a testing sample.  Figure 7 below provides an example of SDS-PAGE 

results by Bolder and co-workers (2007), showing reduced and non-reduced conditions using 

pure ß-lactoglobulin, WPI, and BSA (Bolder et al. 2007).  Their results evidence the presence of 

proteinaceous material in the ß-lactoglobulin and WPI lanes, whereas very little (if any) protein 

A B 

I II 
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material was found in the SDS-PAGE gel on the BSA sample in both the presence and absence 

of ß-ME to show no material could enter the gel within the detectable range, in lane 4 and lane 8.  

Further, if any aggregates were present, they must be less than 20 nm in diameter according to 

these results (Bolder et al. 2007) 

 

 

Figure 7: Electrograms via SDS-PAGE illustrating relative amounts (A) pure b-lactoglobulin at 

pH 2 (1%, w/w), (B) WPI at pH 2 (1%, w/w), and (C) bovine serum albumin (BSA) at pH 2 (1%, 

w/w) under conditions including unheated (U), heated for 10 h at 80C (H), filtrate (F1), 

retentate following centrifugation (R1), plus a standard marker (M).  All samples were ran in the 

presence (+ß-ME) or absence (-ß-ME) of ß-mercaptoethanol (Bolder et al. 2007). 

 

 The disulfate bonds are considered as one of the strongest protein-protein bonds the 

reducing conditions resolve the individual proteins and the obtained individual gel bands serve as 

a baseline or reference indicating the original quantity of a certain protein. Disulfide bonds are 

not broken under non-reduced conditions, which relies solely on the denaturing capabilities of 

SDS, which is able to dissociate protein-protein hydrophobic interactions. (Roefs and Kruif 

1994; Sawyer 1968). Ye and co-workers (2002) revealed heat induced disulphide bond formation 

of milk fat globule membrane proteins by comparing electrophoresis protein bands obtained 

from reducing and non-reducing conditions. Moreover, Zheng and co-workers (2013) utilized gel 
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band densities and quantified relative change of same type of protein in different samples, which 

undergone different treatments (Ye et al. 2002; Zheng, Jiménez-Flores, and Everett 2013).   

Based on these mentioned works, it is reasonable to propose, by quantifying the difference of 

bands from the same protein obtained from reducing condition and non-reducing condition, one 

may quantify the fraction of disulphide bond mediated protein-protein aggregation.  

 Surface charge of protein particles greatly impact their ability to act as an emulsifier, 

namely affecting their surface activity and rate of adsorption (Sorbier, Aimable, and Pagnoux 

2015; Lam and Nickerson 2014; Jiang et al. 2018).  Additionally, rheological properties of 

colloidal systems may be affected by the charges of individual particles.  Barnes and co-workers 

(1989) reported shear thickening  of colloidal systems may be reduced when electrostatic 

repulsion forces between particles increases (Barnes 1989).  The net effective electric surface 

charge of a particle is indicated by ζ-potential, which is the charge of the surface of electrical 

double layer at the shear plane surrounding a suspended particle (Dalgleish 1997).  ζ-potential is 

commonly used in the interpretation of protein suspension stability (Jachimska, Wasilewska, and 

Adamczyk 2008) and the value depends on the physicochemical conditions of a system, e.g. pH, 

ionic strength and IEP of tested particles (Sriprablom et al. 2019; Ravindran et al. 2018).  The 

higher the magnitude of ζ-potential of a nanoparticle, the higher the electrostatic repulsion 

between individual particles and therefore higher self-stability to coalescence (Morrison and 

Ross 2002).  Jiang and co-workers (2018) showed ζ-potential is significantly reduced upon 

heating of WPI solution to produce aggregated whey protein particles.  Specifically, ζ-potential 

reached a minimum at 10 wt% protein and heating at 85C, as opposed to other protein 

concentrations and heating stringencies (Jiang et al. 2018).  However, increased net charge in 

heat-induced whey protein aggregate particles was previously reported by Schmitt and co-
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workers (2007) when compared to native whey proteins (Schmitt et al. 2007).  Moreover, 

Saglam and co-workers (2013) discovered little change in ζ-potential of WPI particles before and 

after heating (90C, 30 min), having used the Smoluchowski model to determine ζ-potential from 

mobility data (Sağlam et al. 2013) .  The differences in change of ζ-potential upon heat-induced 

aggregation of whey protein is due to a greater extent of exposure of hydrophobic and/or 

negatively-charged moieties in the globular whey protein core.  The phenomenon is exemplified 

in work by Tholstrup-Sejersen and co-workers (2007), where a more-negative ζ-potential was 

obtained through heating (75C, 20 min) of acidified milk drinks (AMDs) made from skim milk 

powder (17% milk solids non-fat) in the absence of pectin (Tholstrup Sejersen et al. 2007) 

 Particle size distribution (PSD) also helps determine the true size of particles in the given 

system and therefore can be another indicator of resultant phase stability of suspended protein 

self-assemblies.  Particle diameter can be measured using a dynamic light scattering (DLS) and 

laser diffraction techniques.  DLS involves monitoring fluctuations in intensity of a laser beam 

passing through a sample due to Brownian motion of the particles.  Hydrodynamic diameter of 

the particles is then calculated using an autocorrelation function.  In work by Purwanti and co-

workers (2011), three variations of whey protein aggregates were manufactured from WPI 

(68.5C for 2 or 24 hours and 90C for 30 min) and subsequent suspensions formed to final 

protein content of 15% w/w (Purwanti et al. 2011).  Figure 8 represents the size distribution for 

their respective protein suspensions.  
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Figure 8: Particle size distribution showing whey protein aggregate suspensions manufactured 

via specific heat treatments, courtesy of Purwanti and co-workers (2011). Dark dashed line 

represents 3% w/w WPI aggregates heated for 24hours at 68.5C, light dashed line 9% w/w 

whey protein aggregates heated for 24 hours at 68.5C, dark solid line being 3% w/w whey 

protein aggregates heated at 90C for 30 minutes and light solid line 9% w/w aggregates heated 

for 30 minutes (Purwanti et al. 2011). 

  

1.2.4. Characterization techniques for the functionality of whey protein aggregates  

 The technical functionality of whey protein aggregates relates to food applications may 

be summarized into two domains, which are interfacial behaviour and bulk phase stability 

properties of dispersion, emulsion and foam systems containing protein particles as the dispersed 

phase or interfacial stabilizer. The former is a group of fundamental characteristics directly 

relates to emulsification capacity and emulsion coalescence stability; the later are applied 

characteristics of actual model food systems. 

The critical interfacial properties are three-phase contact angle as resulted from the adsorption of 

protein particles at oil-water and air-water surfaces, interfacial adsorption dynamics, rheological 

properties of interfacial film formed adsorbed particles, wettability and surface free energy of 

dehydrated particles, and surface hydrophobicity of particles in dispersions.  Regarding 

Pickering emulsification at oil-water interfaces, the contact angle (θ) resulted by adsorption of 
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protein particles onto the oil-water interface can be difficult to characterize.  Dedicated method 

development activities have been done to characterize the true θ on the oil-water interface 

(Pichot, Spyropoulos, and Norton 2012; Paunov 2003).   It is worth noting that the “θ-sessile 

drop” obtained from sessile drop method in emulsion-related research is different from the θ at 

the oil-water interface (Z. Yang et al. 2019).  The relevance of  θ-sessile drop which is measured 

at the air-solid-solid interface to emulsion stability has not yet been justified based scientific 

evidences (X. Li et al. 2020; Dai et al. 2018).  An optical tensiometer records drop images via a 

charged couple device camera, or CCD, and analyzes the shape of the drop automatically using 

software-controlled dosing units.  The shape of the drop is a function of the surface tension of the 

liquid, gravity, difference in density of the sample liquid and its surrounding medium, and the 

properties of the surface.  The image captured by the optical tensiometer is analyzed using a drop 

profile fitting method as seen below in Figure 8, much like that of Wu and co-workers (2015) in 

which 2 µL of 1% (w/w) WPI solutions of different salt concentrations (0.001M-0.2M NaCl) and 

pH (3.0-9.0) values were deposited on glass substrates at ambient atmospheric conditions 

following heating/drying (for 30 min at 60C).  The contact angle and surface tension were 

obtained by fitting the drop shape parameters into a DataPhysics model OCA15 (DataPhysics, 

Germany) instrument to obtain images seen in Figure 9 (Wu et al. 2015b).  
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Figure 9: Solid -air contact angle for whey protein isolate nanoparticle layer using sessile drop of 

water at various pH and NaCl concentrations (Wu et al. 2015b). 

 

 θ-sessile drop is also indicative to wettability of dried particles, which is typically 

expressed as a contact angle, θ (Binks and Lumsdon 2000).  For instance, the lower the -sessile 

drop between the fluid and solid, the greater the extent to which the fluid has spread over the 

solid.  The value of contact angle gives overall information about the surface hydrophobicity 

whereas the droplet volume and angle kinetics refer to spreading and wetting, as described in 

(Kalin and Polajnar 2013).  Contact angle data can then be used to calculate surface free energy 

of droplets measured by the tensiometer using Owens-Wendt-Rabel-Kaelble (OWRK), Fowkes, 

Wu, or Zisman Equation of State from contact angle data collected between two liquids.  Work 

of adhesion, solid/liquid interfacial tension, and spreading coefficient can also be calculated.  An 

optical contact angle meter was used by Wang and co-workers (S. Wang et al. 2020) to analyze 

interfacial tension and therefore calculate interfacial pressure via the Ward and Tordai equation 

(Ward and Tordai 1946).  Similarly, Li and co-workers (2018) evaluated the interfacial tension 
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between protein NPs dispersion and soybean oil was determined with the Wilhelmy plate method 

(Kruss K100 Tensiometer, Hamburg, Germany) on methods adapted from Turan and co-workers 

(2015) (D. Li et al. 2018b; Turan, Altay, and Çapanoğlu Güven 2015).  It was shown that 

interfacial surface tension continues to decrease while adsorption of protein at the interfacial 

surface occurs and simultaneously increases surface pressure.  It can be presumed that adsorption 

of protein at the surface has reached equilibrium when fluxes in interfacial tension and pressure 

have cease.  The Gibbs-Maragoni effect is the primary mechanism of stabilization of small 

surfactants at an interfacial surface (Tadros et al. 2004).  The complex structure of proteins and 

larger size causes them to adsorb at the droplet surface more slowly compared to smaller 

molecules.  In the process of forming an emulsion, proteins are able to construct a strong 

viscoelastic layer(s) at the interface that are essentially immobile and can provide stabilization 

due in part to electrostatic repulsion and steric interactions.  In industry, droplets in emulsions 

are exposed to many harsh environments and changes in temperature and/or mechanical 

disruption.  Therefore, it is important to understand how such emulsion systems are stabilized 

and the role of the interfacial properties and composition.  Interfacial shear rheology of protein-

adsorbed layers is one of the useful indictors of the structural state of liquid-liquid interfaces 

including surfactant displacement and protein interactions (Dickinson, Rolfe, and Dalgleish 

1990).  This technique is sensitive enough to probe detailed protein-protein interaction 

behaviours at the interfaces.  In the work performed by Dickinson et al. researchers used 

interfacial shear rheology (ISR) to highlight the functionality of intra-protein disulphide bonds in 

the slowing of the interface adsorption equilibrium (Dickinson, Rolfe, and Dalgleish 1990).  

Dickinson’s group illustrated the change of interfacial shear viscosity of adsorbed protein payer 

as a functional of time (Roth, Murray, and Dickinson 2000). Further, the viscoelastic protein 
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layers of low compressibility formed in conjunction with oil-in-water emulsion systems protect 

droplets from coalescence or shrinkage (Donsmark and Rischel 2007).  Therefore, ISR is related 

to time-dependent emulsion droplet stability.  ISR properties are captured, such as in the work by 

Jung and Mezzenga (2010), using equipment such as a multi-purpose rheometer equipped with a 

bi-cone of known angle () and interfacial surface area (mm2) with a sample cell of known 

diameter (mm) and volume (mL), where area of the interface is the “ring” area not covered by 

the bi-cone measured for ISR (Jung and Mezzenga 2010).  First, A small amplitude oscillation 

(strain %, frequency %) is applied and the interfacial complex modulus |Gi*| and the interfacial 

damping factor tan (σi) = Gi”/Gi’ is recorded versus time.  The interface is allowed to age for a 

period of time (usually multiple hours) to allow equilibrium (J. Yang et al. 2020).  At this stage 

the surface is mature if the complex modulus (G*) does not deviate more than 10%, and 

rheological experiments may be performed.  Tests performed usually include a frequency (Hz) 

sweep at a constant strain (%) and amplitude (%) sweep at constant frequency (Hz) as described 

in (Jung, Gunes, and Mezzenga 2010).   

 Dilatation rheological experiments can achieve similar date, but yield different meaning.  

A tensiometer may be used to release a rising droplet from the tip of a syringe in the aqueous 

phase to measure surface pressure without oscillation.  Thereafter, sinusoidal dilation may be 

applied to the interface as described in (M. Chen, Sagis, and Sun 2020), and strain sweep 

performed at a constant frequency.  The area of the droplet is kept constant before performing 

frequency sweep at a constant amplitude.  The dilatational elastic modulus (E’) and viscous 

modulus (E”) are calculated with the software based on intensity and phase of the first harmonic 

of a Frontier transform of the surface pressure signal.  To analyse responses in the nonlinear 

regime, Lissajous curves of Π(t) versus ΔA(t)/A0 may be plotted, where Π(t) was the surface 
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pressure and ΔA(t)/A0 was the deformation of the surface area. From these plots the secant 

moduli at maximum expansion and compression can be deduced to allow a quantitative 

comparison between different emulsifying protein materials.  

 Wetting properties of emulsifying whey protein nanoparticles (e.g. WPI NPs) can be a 

critical factor in determining their viability as Pickering emulsifiers. Wettability of particle 

materials is largely controlled by the contact angle between particles and the interfacial surface 

of emulsions droplets (Binks, 2002). It is well established that WPI NPs present good partial 

wetting abilities in both the oil and water phases (Wu et al. 2015b), allowing for the irreversible 

adsorption of WPI NPs at the oil/water interface and therefore stabilization of o/w emulsions 

(Chevalier and Bolzinger 2013), leading to their popularity in o/w emulsion systems which have 

been studied in great detail (Kiokias and Bot 2006; Yusoff and Murray 2011; Setiowati, Saeedi, 

Wijaya, and Meeren 2017; Manoi and Rizvi 2009; Giang et al. 2016; Gélébart et al. 2019).  

However, at the IEP of WPI and high ionic strength, whey protein aggregates become more 

hydrophobic and become far less effective as Pickering emulsifiers (Wu et al. 2015b), hence 

influencing their wetting properties (de Folter, van Ruijven, and Velikov 2012).  The optimum 

wettability range for the formation of O/W emulsion is  70° < 𝜃 < 86° (Sadeh, Najafipour, and 

Gholami 2019).  Therefore, it is important to understand how wettability, defined as the ability of 

a liquid to maintain contact with a solid surface influenced by adhesive and cohesive 

intermolecular interactions, is measured for these WPI NPs.  Wetting properties of WPI 

aggregates are typically examined by measuring contact angle of WPI NP films with a sessile 

drop of water or oil, to measure 𝜃𝑤  or 𝜃𝑜𝑤, respectively.  This method assumes that the particles 

form a smooth, flat, nonporous surface, which is required for the Young–Laplace equation.   In 

work conducted by Wu and team (2015), a homogenous film of WPI NPs was deposited onto a 
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pre-cleaned glass slide before heating and drying.  Static contact angle, 𝜃𝑤, of a sessile drop of 

water (1-2 𝜇𝐿 in volume) was then measured via tensiometer/drop-shape analyzer (Wu et al. 

2015b).  In other work, de Folter and co-workers (2012) describes determining three-phase 

contact angle, 𝜃𝑜𝑤,  by placing pre-prepared glass substrates (coated with colloidal zein films in 

this case) on top of an aqueous subphase with a predetermined salt concentration and pH.  Oil  

droplets (1–2 μL) are formed in the aqueous phase at the tip of a bended needle in the drop-shape 

analyzer chamber and brought into contact with the coated glass slide. An oil droplet is left 

behind in contact with both the glass substrate and aqueous phase to measure 𝜃𝑜𝑤 (de Folter, van 

Ruijven, and Velikov 2012).    

 Dispersions, defined as particles of one substance dispersed throughout the continuous 

phase of another material, are inherently unstable and susceptible to creaming, flocculation, 

sedimentation and/or coalescence of their particles.  With regards to food stuffs, the stability of a 

dispersion (e.g. whey protein beverages etc.) is critical to their shelf life and therefore ability to 

reach the consumer market.  Dispersion stability (DS) can be measured using various techniques.  

ζ-potential, as mentioned earlier, may be one such technique to assess dispersion stability (Hu et 

al. 2020).  Generally, the greater the magnitude of the ζ-potential of a dispersion, the greater the 

stability, due in part to increased electrostatic interactions.  A second method of determining DS 

may include multiple light scattering coupled with vertical light scanning to identify and quantify 

destabilization phenomena.  This technique works without the need to dilute dispersions.  When 

light is sent through the sample, backscattered by the particles/droplets occurs.  The intensity of 

the backscattering is directly proportional to both the size and volume of the dispersed sample 

phase.  Any aggregation of the particles results in a change in the amount of light backscattering.  

Such equipment capable of performing this technique may include a Turbiscan MA 2000 
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(Formulaction, Toulouse, France).  Hebishy and team (2015) utilized this instrument in 

comparing o/w emulsion stability between different whey protein concentrations (1-4% w/w) 

using parameters such as sedimentation and creaming rates (Hebishy et al. 2015), which are 

indicators of emulsion and/or dispersion stability (McClements 2004).  

 Emulsification capacity (EC) is yet another parameter that can be easily measured to 

describe and analyze the functional characteristics of whey protein aggregates.  Emulsification 

capacity (EC) is defined as the volume of oil capable of being emulsified per gram of 

emulsifying agent, while emulsions stability (ES) can be determined more subjectively, as 

defined by the researcher, but generally quantifying the extent of resistance of the emulsion 

droplets to creaming or coalescence (Joseph F. Zayas, 1997; Zayas, 1997).  Meanwhile, 

emulsifying activity (EA), which is defined as the maximal interfacial surface area (cm2) present 

in an emulsion for every 1 gram of emulsifier, can vary between protein and molecular surfactant 

materials (Joseph F. Zayas, 1997).  Emulsification capacity is dependent upon i) the particles’ 

ability to lower the interfacial tension around the oil droplet, and ii) form an adsorption layer at 

the oil-water interface (Destribats et al., 2014; Dickinson & Bergenstahl, 1997; Joseph F. Zayas, 

1997; Schmitt et al., 2010; Zayas, 1997).  One approach to measuring EC, as described by Swift 

and Fryar (1961), involves forming an emulsion using WPI dispersion, salt and oil, where oil is 

added at a constant rate until phase reversal is reached  (Swift and Fryar 1961).  Dybowska and 

group (2011) used this technique to prove heat treatments of whey protein concentrate (WPC), 

another colloidal whey protein material often used in stabilization of emulsions, between 60-

80C results in the greatest emulsion capacity around 200-220 mL oil/100 mg WPC (Dybowska 

2011).  
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 Food foams are highly relevant systems in food industry, and can take many forms 

including ice creams, whipped creams and/or meringues (Murray 2020), for which protein 

aggregates, microgels and nanoparticles have become increasingly popular as foam stabilizers 

due to the elasticity they provide due in part their formation of a cohesive, resistant interfacial 

network (Martin et al. 2002) and ability to halt gas molecule transport across interfaces and 

therefore prevent disproportionation when compared to low molecular weight surfactants 

(Murray 2020).  Foam stability can be measured using apparatus such as “Foamscan” 

(Longessaigne, France), which uses conductimetric and optical measurements to analyze and 

quantify foam formation, stability and drainage.  

 

1.3.Interfacial properties of whey protein and whey protein assemblies 

1.3.1. Interfacial properties of native whey proteins 

 Interfacial characteristics play a critical role in determining the physiochemical properties 

of emulsions and foams.  Therefore, knowledge of interfacial properties is crucial to effectively 

utilize proteins to create innovative emulsion-based foods with improved quality.  Proteins, being 

amphiphilic, are capable of spontaneous migration to the air/water or oil/water interface of an 

emulsion system from a bulk liquid if the free energy of the protein is lower at the interface than 

in the bulk liquid.  This allows for the possibility of a greater protein concentration at the 

interface as opposed to in the bulk solution (K. Damodaran, S. Parkin and Parkin 2017).  Unlike 

small molecule surfactants, proteins may form a viscoelastic film at the interface (J. Yang et al. 

2020), which are capable of withstanding mechanical disruptions during both storage and/or 

handling.  For these reasons, proteins are widely used for emulsion purposes (Srinivasan 

Damodaran 2006). 
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 While all proteins are amphiphilic by nature, this does not imply identical surface activity 

or behavior between all proteins.  Differences in relative amounts or nature of hydrophobic 

residues in protein can be attributed some of the difference in surface activity, however, proteins 

can still display markedly variable surface activity even though the hydrophobicity of all proteins 

fall within, essentially, the same range (K. Damodaran S. Parkin and Parkin 2017).  Therefore, 

the structure or morphology aspect of proteins is likely the key to these differences in surface 

activity; including their stability or molecular flexibility and the distribution or arrangement of 

their hydrophobic moieties (K. Damodaran, S. Parkin and Parkin 2017).  Further, competitive 

adsorption studies on protein mixtures in models, as well as real emulsion systems, clearly 

indicate that preferential adsorption of protein components occurs at the oil-water interface, and 

that the composition of the protein dispersion or solution impacts the composition of the 

adsorbed film, which affects emulsions stability as a result (Srinivasan Damodaran 2006).  

During emulsification, the relative composition of proteins, each with their own surface 

activities, determines the composition of the adsorbed interfacial layer.  For instance, a 1:1 

mixture of α- and β-caseins does imply that the interfacial adsorbed layer of these proteins will 

result in the same relative composition (S. Damodaran and Sengupta 2003).   

 It has been shown that proteins preferred for surface active mean possess three key 

attributes according to Damodaran and group (2017), which include (1) the ability to adsorb at 

the interface quickly, (2) the ability of unfolding and reorientation once at the interfacial surface, 

and (3) forming a tight, viscoelastic layer with nearby proteins at the surface to protect and/or 

withstand against the environment (Dickinson 1998; Srinivasan Damodaran 2006; K. 

Damodaran S. Parkin and Parkin 2017).  The formation and stabilization of emulsions and/or 

foams requires the presence of a surfactant that is capable of efficiently lowering surface tension 
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at the interface between the aqueous and air/oil phases.  Generally, proteins are less effective at 

lowering interfacial tension; lowering tension by 15 mN·m-1 as compared to 30-40 mN·m-1 for 

low molecular weight surfactants, where surface tension and bulk characteristics play a role in 

the lowering of surface tension (Style, Isa, and Dufresne 2015; Thijssen and Vermant 2018).  

The difficulty proteins may experience in lowering interfacial tension may extend from their 

complex geometries, as primary structures of protein do not typically exhibit defined 

hydrophobic and hydrophilic zones, but rather have hydrophobic patches spread across the 

protein surface of their primary structure (K. Damodaran S. Parkin and Parkin 2017).  Further, 

the tertiary folded structures of whey proteins may include hydrophobic patches spread across 

their surface, they typically possess a majority of their hydrophobic residues buried in the core of 

their structure, which are not easily accessible at the surface to participate in hydrophobic 

interactions (Srinivasan Damodaran 2006).  Usually, hydrophobic patches evenly distributed 

across the protein particle surface increases the rate and strength of adsorption of the particle at 

the interface, as demonstrated in Figure 10 re-drawn from Damodaran and team (2005), whose 

same ideology regarding air-water interface adsorption mechanism below may also be applied to 

oil-water interfaces with respect to the exposure of hydrophobic moieties at the core of whey 

proteins increasing adsorption (Cornec, Cho, and Narsimhan 1999; Dombrowski et al. 2016; 

Croguennec et al. 2006). 
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Figure 10: Schematic adapted from Damodaran and group (2005) representing of the role of 

surface hydrophobic patches on protein adsorption at interfacial surfaces (Damodaran, S., J. 

Food Sci., 70, R54, 2005). 

  

 Whey proteins in particular have been used extensively in the stabilization of food 

emulsions and foams in recent decades due to their amphiphilic nature and ability to adsorb at 

and stabilize thermodynamically unstable interfaces (P. Wilde et al. 2004; Lam and Nickerson 

2013).  Upon adsorption at the interface, unlike small molecule surfactants, whey proteins 

remain largely in the bulk aqueous phase and only a small portion of the protein structure is 

anchored to the interfacial surface, due to its bulky structure as shown in Figure 11.  The whey 

protein will only remain at the interface is its sum of free energy interactions at the surface 

outweigh the kinetic energy of the molecule itself (K. Damodaran S. Parkin and Parkin 2017).  

The flexibility of the molecule determines how it anchors at the interface.  Highly flexible 
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molecules, such as whey proteins, may be altered in conformation upon adsorption, which can 

allow for the anchoring of additional portions of its structure, as seen in Figure 11. 

 

Figure 11: Anchoring of whey protein globular structure at oil-water interface adapted from 

Fennema’s Food Chemistry 5th Edition, p. 297, (K. Damodaran, S. Parkin and Parkin 2017). 

 

 The main mechanism of adsorption and film formation of whey proteins at the interface 

involves three steps, including 1) anchoring at the interfacial surface, 2) unfolding, and 3) 2-D 

aggregation as suggested in Figure 12.  Protein concentration at the interfacial surface is usually 

in the range of 20-25% (w/v), which is usually gel-like in nature, where hydrophobic interactions 

are imperative to film integrity (Srinivasan Damodaran 2006).  Likewise, the formation of a 

uniform, cohesive film depends on the balance between electrostatic interactions and repulsive 

forces (K. Damodaran S. Parkin and Parkin 2017).   
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Figure 12: Mechanism of film formation of whey protein at the oil/water interfacial surface 

(adapted from Fennema’s Food Chemistry, 5th Ed., p. 299, 2016) (K. Damodaran S. Parkin and 

Parkin 2017).  Not drawn to scale.  

 

 The surface hydrophobicity (So) of whey proteins, measured via fluorescent probe, also 

influences its viability and efficacy as an emulsifier.  Generally speaking, the greater the surface 

hydrophobicity of whey protein aggregates, the lower the interfacial tension of respective 

emulsion droplets and the greater the emulsifying activity index (EAI), which indicated effective 

emulsification (Kato and Nakai 1980; Srinivasan Damodaran 2006; K. Damodaran S. Parkin and 

Parkin 2017).  Aggregated whey proteins have been shown to possess significantly larger 

diameter and extent of hydrophobicity when compared to native whey protein isolate, resulting 

in a more viscoelastic interfacial layer and protection against coalescence (Destribats et al. 

2014).  Therefore, molecular flexibility may be the single most influential factor in determining 

whey protein emulsifying viability (Srinivasan Damodaran 2006).   
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1.3.2. Whey protein assemblies at air-water and oil-water interfaces  

 Apart from low molecular weight emulsifiers (LMWEs), the use of whey protein 

assemblies as Pickering particles have become increasing popular in the literature (Dybowska 

and Krupa-Kozak 2020; M. Xiao et al. 2018; Murray 2020) for the strong viscoelastic films they 

form and long term stability of macroscopic emulsion and foam systems (Nicolai, Britten, and 

Schmitt 2011; Dickinson 1998; P. Wilde et al. 2004).  Studying the interfacial properties of these 

systems can better enable the understanding of the mechanisms responsible for their stabilization 

via whey protein assemblies (J. Yang et al. 2020).  Whey protein based Pickering particles are 

typically referred to as either nanoparticles (Chevalier and Bolzinger 2013), microgels (Sarkar, 

Murray, et al. 2016), or beads (Lim et al. 2020; J. Yang et al. 2020), which are formed via 

crosslinking of whey proteins by interactions between sulfhydryl groups leading to disulfide 

bonding to yield protein aggregated particles (Vilotte et al. 2021).  A summary of types of 

particles adsorbed at the air/water or oil/water interface are provided in Figure 13, adapted from 

(Murray 2019).  

 

Figure 13: ‘A–E’ represent potential adsorption behavior at the interfacial oil-water or air-water 

interface of Pickering particles adapted from (Murray 2019).  A) classic Pickering particle, B) 

firm aggregated protein particle, C) whey protein microgel deforming at interfacial surface, D) 

rearrangement of microgels to form layer, and E) large spherical aggregated protein particle.  
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 With respect to interfacial properties, each of native whey proteins, aggregates, and beads 

may impact emulsion stability differently due to their individual adsorption behaviors and/or 

stabilization mechanisms at the interfacial oil-water or air-water surface.  According to (J. Yang 

et al. 2020), beads, which are non-gelled aggregates and non-aggregated proteins present in the 

continuous phase of heated WPI dispersions, increase interfacial pressure to a greater degree than 

either native WPI or whey protein aggregates, while the latter increase surface pressure to the 

least extent (i.e. beads > native WPI > aggregated WPI).  This is likely attributed to the larger 

nature of aggregates (200-300 nm) when compared to both beads and native WPI (2-10 nm), as 

the larger radius will result in slower adsorption rate at the interface and fewer surface-active 

molecules (J. Yang et al. 2020).  Further, WPA-stabilized surfaces in oil-in-water emulsions 

possess a higher maximum linear strain and viscous behavior at large expansion would indicate 

3-D network at the interface compared to a quasi-2D layer formed by native WPI (Destribats et 

al. 2014), as shown in Figure 14.  Typically, there exists a protein concentration (3% w/w for 

whey protein concentrate) of the continuous phase in which maximal surface coverage is 

reached, beyond which point protein will begin to form multi-layers at the emulsion droplet 

surface, which has been reported to decrease stability (Dybowska 2011).  

 

Figure 14: Representation of the quasi-2d structure on oil-water interfaces formed by WPI (A), 

and the 3d structure formed by WPAs (B).  Adapted from (Destribats et al. 2014).   
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 Interfacial shear rheology (ISR) and properties at the protein-fat interfacial surface can 

provide key insight into flow and deformation characteristics of surfaces containing adsorbed 

protein particles, and is helpful in optimizing stabilization via imposition of stress (Roth, Murray, 

& Dickinson, 2000).  It is generally accepted that globular proteins, unlike molecular surfactants 

which suffer from relatively high lateral mobility due to the Gibbs-Marangoni effect (Dickinson, 

Rolfe, & Dalgleish, 1990), form a strong viscoelastic layer at an oil/water interface with 

characteristically low compressibility, resulting in stable emulsions through the prevention of 

shrinkage/growth and resistance to stretching (Dickinson & Matsumura, 1991; Donsmark & 

Rischel, 2007; Roth et al., 2000).  It is thought that these behaviors are dominated by physical 

interactions during surface shear (Binks & Horozov, 2006) of a gel network formed through 

covalent bonding of individual proteins at the surface, such as disulfide bridges formed between 

-lactoglobulin monomers at the oil-water interface at pH 7  (Binks & Horozov, 2006; Wierenga, 

Kosters, Egmond, Voragen, & de Jongh, Harmen H. J., 2006).  Gel-like networks are formed at 

the interfacial surface via physical repulsive or attractive interactions between proteins, including 

electrostatic interactions, Van der Waals forces, and/or steric jamming (Binks, Bernard P., 

2002b; Jung & Mezzenga, 2010; Wierenga et al., 2006).  Typically, gelation of proteins within 

oil-water systems begins at a concentration of near 5% w/w (Jung & Mezzenga, 2010).  

Interfacial shear rheology is sensitive enough to probe these protein interactions at the oil-water 

surface in detail.  Interfaces stabilized by beads have interfacial moduli (i.e. G’ and G”, Pa·m) of 

significantly greater magnitude that those of aggregated whey protein and/or WPI (J. Yang et al. 

2020).   The work by Yang and co-authors (2020) suggests equilibrium of the surface pressure at 

the air-water interface was not observed even after 14 hours of aging, which agrees with Rühs 

and co-workers (2013) who studied the surface pressure at the air-water interface using the major 
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globular whey protein, ß-lactoglobulin, and did not observe maturation of the surface at 12 hours 

(Rühs et al. 2013).  These results, in combination with a higher crossover of Gi’ and Gi”, would 

suggest increased surface activity of beads and that interfaces stabilized with beads may result in 

an increased frequency dependency compared to aggregated whey protein and WPI.  

The true mechanism of adsorption of protein aggregates onto an air/water or oil/water 

interface has not been fully understood.  Davis and Foegeding (2004) prepared whey protein 

aggregates (10% w/v, pH 7.0, 80°C for 30 min) and discovered slower adsorption kinetics of the 

aggregates at the air/water interface than native whey protein.  The authors attributed the reduced 

adsorption capacity to larger particle size (Davis & Foegeding, 2004).  It has also been reported 

whey protein aggregates (6.25 wt%, pH 6.8-7.0, 80°C for 30 min) were more surface 

hydrophobic than native whey proteins (Zhou et al., 2020).  Theoretically, such highly 

hydrophobic aggregates would be expected to show faster interfacial adsorption kinetics than 

native whey proteins (Mahmoudi et al., 2011).  However, in spite of their hydrophobic nature, 

the practical results in the forementioned work have shown native whey protein to reduce 

interfacial tension as the o/w interface more quickly and effectively compared to aggregates—

indicating slower interface adsorption kinetics when using whey protein aggregates. In another 

study by Mahmoudi, Axelos, and Riaublanc (2011), whey protein aggregates were prepared (0.3-

1.5 wt%, pH 7.0, 80-120°C for 4 minutes.  The authors of this study found that the whey protein 

aggregates elicited quicker interface adsorption kinetics when compared to native whey protein, 

and that increasing ionic strength of solution prior to heat treatment may exaggerate this effect 

(Mahmoudi et al., 2011).  These mentioned discrepancies surrounding kinetics of WPAs may be 

related to the increased size of aggregates (Davis & Foegeding, 2004; Zhou et al., 2020) and the 

specific bonding formations/strength found within their structures (Mahmoudi et al., 2011).  For 
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instance, Mahmoudi and team (2011) proposed the notion that aggregates developed via heat 

treatments over a longer time duration are more rigid and cohesive in nature and primarily 

stabilized by disulfide bonding, whereas shorter heat treatments result in aggregates stabilized 

mainly via hydrophobic interactions (Mahmoudi et al., 2011).  It is important to point out that 

depending on the whey protein concentration, physiochemical environment, and temperature & 

time combination of heat treatment, residual native-like whey proteins may co-exist with whey 

protein aggregates (Ju & Kilara, 1998; Mahmoudi et al., 2011).  Therefore, regarding heat-

induced whey protein aggregate samples, it is important to report/characterize the fraction of 

residual native protein.  The fractions of aggregates stabilized by hydrophobic interactions and 

by disulfide bonding may be differentiated and quantified by native-PAGE and SDS-PAGE 

techniques (Havea et al. 1998).  The resultant surface activity in terms of interface adsorption 

kinetics is a net effect caused by residual protein and the denatured and aggregated proteins in 

which the original hydrophobic patches are buried and/or rearranged.  Assuming all whey 

proteins are in their monomeric state, they will adsorb more efficiently to the interfacial surface 

than the dimers of native whey proteins.  Since heating at higher temperatures promotes 

denaturation and has shown to denature a larger percentage of native whey proteins, it is inferred 

that higher-temperature heat treatments (120°C versus 80°C) result in a greater conversion of 

native dimers to monomers which elicit higher interfacial surface kinetics and more effectively 

adsorb at the air-water or oil-water droplet interface (Jung, Gunes, & Mezzenga, 2010; 

Mahmoudi et al., 2011).  Following long heating (e.g., 5 hours, 90°C), conformational 

rearrangements occur to form a viscoelastic network at the interface, as a result of monomers’ 

characteristically greater surface activity compared to native proteins (Jung et al., 2010).  This 

viscoelastic behavior exists over long time scales, suggesting either permanent or transitional 3D 
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supramolecular network structure with strong bonds (Ferry & Rice, 1962; Freer, Yim, Fuller, & 

Radke, 2004; Jung et al., 2010; Mahmoudi et al., 2011).  The manipulation of surface activity 

and adsorption kinetics at an interfacial surface can be attributed to the dissociation of -

lactoglobulin dimers into its respective monomers occurs within a matter of seconds once heated 

to at least 60°C, and to denaturation of residual proteins, resulting in increased surface 

hydrophobicity and flexibility when compared to native whey protein  (Cairoli, Stefania, & 

Bonomp, 1994; Cornec, Cho, & Narsimhan, 1999).  Cornec and team (1999) suggests that 

surface hydrophobicity controls the ability of proteins to adsorb to the globular interfacial 

surface and that flexibility of the protein network is responsible for the partial unfolding and 

interactions with other proteins in the adsorbed layer (Cairoli et al., 1994; Cornec et al., 1999).  

Such structure and internal bonding forces may be related to the interfacial behavior of whey 

protein aggregates.  However, no research efforts have been conducted to elucidate the impact of 

hydrophobic and disulfide bonding in WPAs on their interfacial properties.  

Since hydrophobicity of interfacial whey proteins is increased when heat treatment (60-

80) due to unfolding and exposure of hydrophobic domains residing within the interior of the 

protein, Sarkar et al. hypothesize that stability WPM particles actually fuse at the interfacial 

surface upon greater heating (90 in this case).  This claim is supported by the existing 

knowledge that at greater temperatures, whey proteins fully unfold and rearrange non-polar 

components towards to oil phase and effectively minimizing aggregation (Roth, Murray, and 

Dickinson 2000; Sarkar, Arfsten, et al. 2016; Monahan, McClements, and German 1996).  
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1.4. Emulsions stabilized by protein particles (Pickering emulsions) 

1.4.1. Pickering emulsions stabilized by protein particles and their applications, advantages and 

disadvantages 

Within the umbrella of o/w emulsions exists a specific variety of emulsion of particular 

interest—emulsions stabilized via the Pickering stabilization mechanism—otherwise known as 

Pickering emulsions (Pickering 1907).  Fundamentally, Pickering emulsions are defined as 

emulsions that are stabilized by an adsorbed layer of solid particles at the emulsion drop surface 

(Murray 2019).  Pickering emulsifiers, distinct from traditional molecular surfactants such as 

mono- and di-acylglycerols or Tween-20, are semi-soft or rigid particles, such as aggregated 

spherical and fractal protein particles, R-chitin, microgels and starch granules possessing partial-

wetting abilities in both phases (Destribats, Rouvet, Gehin-Delval, Schmitt, & Binks, 2014; 

Pickering, 1907; Sarkar et al., 2016; Xiao, Xu, Zhang, & Hong, 2018; Yang, Y. et al., 2017).  

Pickering emulsifiers have been researched extensively in recent decades (Destribats et al., 2014; 

Dickinson & Bergenstahl, 1997; Monégier du Sorbier, Aimable, & Pagnoux, 2015; Sarkar et al., 

2016; Sarkar, Zhang, Holmes, & Ettelaie, 2019; Xiao et al., 2018; Yang, J., Thielen, Berton-

Carabin, van der Linden, & Sagis, 2020; Yang et al., 2017) in part due to their greater 

emulsification capacity and emulsion stability compared to traditional emulsion varieties 

stabilized via small-molecular surfactants (Joseph F. Zayas, 1997).  Generally speaking, 

Pickering particles preferentially wetted by water will stabilize o/w emulsions, and particles 

preferentially wetted by oil will stabilize w/o emulsions (Bancroft et al., 1915; Binks, 2002; 

Joseph F. Zayas, 1997; Yang et al., 2017).  Many materials have been used for producing 

Pickering emulsions including aggregated whey proteins (Chevallier et al. 2018; Destribats et al. 

2014; Çakır-Fuller 2015), acylated- and native rape seed protein (Z. Wang et al. 2020), soy 
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protein (J.-M. Wang et al. 2012), and hybrid WPI-plant protein or WPI-pectin aggregates (Zhang 

et al. 2021; Chihi et al. 2016; Wagoner and Foegeding 2017).  

The main advantages of Pickering particles in foams and emulsions when compared to 

native whey proteins and other small molecular surfactants include i) increased phase stability 

(Dybowska 2011) ii) stability against emulsion droplet flocculation and coalescence (Destribats 

et al. 2014), iii) increased heat stability against retort (Wagoner and Foegeding 2017; Chevallier 

et al. 2018; Setiowati, Saeedi, Wijaya, and Meeren 2017), iv) ability to control digestion kinetics 

of hydrophobic nutrients (Sarkar, Murray, et al. 2016), v) ability to manipulate their morphology 

and hydrophobicity (Zhu and Damodaran 1994; Lam and Nickerson 2015; Hussain et al. 2012), 

and vi) improving texture of emulsion-based food stuffs (Torres et al. 2018; Gélébart et al. 

2019).  Sarkar and co-workers (2016) and team produced spherical microgel particles (SMPs, 10 

wt%, 20mM PB, pH 7.0, 90°C for 30 min, 250 bar) from a dense gel network that formed via 

disulfide bridges.  Very large protein microgel particles (d43 = 16.7 m) were produced, those 

were strongly negatively charged (-36.5 mV) and significantly impacted by bile salts during in 

vitro digestion (Sarkar et al., 2016).   

Disadvantages, however, have been reported when comparing traditional native whey 

protein-stabilized emulsions with Pickering-type whey protein aggregates.  Foremost, it has been 

reported that heat treatment of whey protein at temperatures surpassing 80C to form aggregates 

generally results in lower emulsifying capacity (EC) when compared to non-heat-treated whey 

proteins (Dybowska and Krupa-Kozak 2020).  Further, excess of the emulsifier, above that 

required to complete oil droplet covering, may increase its surface load and negatively influence 

emulsion stabilities against coalescence or phase stability  (McClements 2004). 
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1.4.2. Interfacial properties and emulsion stability 

Determination of whether an o/w versus a w/o emulsion may be created is predicted by 

the three-phase contact angle () between solid particles, the dispersed phase (e.g., lipid), and the 

continuous phase (water)along with the wettability of solid particles in oil and water phases 

respectively.  As shown in Figure 15, when the three-phase contact angle (), described as the 

angle between the surface and the tangent to the particle-water interface, is greater than 90, w/o 

emulsions are formed (Destribats et al., 2014; Mahmoudi, Axelos, & Riaublanc, 2011; Sarkar et 

al., 2016).  Conversely, when  < 90, o/w emulsions are preferred.  The most efficient o/w 

emulsions involve particle contact angles between 60° and 85°, whereas w/o emulsions prefer 

particles adsorb to the interfacial surface with a contact angle between 95° and 120° (Binks, 

2002; Kruglyakov & Nushtayeva, 2004).  Figure 15 provides a visual representation of the 

difference between particles preferentially wetted by oil versus those wetted by water, and their 

corresponding contact angle.  Further, particle contact angle at the interfacial surface of an o/w 

or w/o emulsions plays a large role in the stability of the emulsion.   Equation (4) represents the 

energy required to remove a solid particle from an interfacial liquid-liquid surface (Ghavidel and 

Fatehi 2020): 

∆𝐸 =  𝜋𝑟2𝛾𝑂/𝑊(1 − |𝑐𝑜𝑠𝜃𝑊|)2  (4) 

Here, 𝛾𝑂/𝑊 represents the oil-water surface interfacial tension and r the particle radius, whereas 

𝜃𝑊 is the static contact angle of the particle at the interface.  Hence, at a contact angle of 90° the 

desorption energy reaches a maximum, meaning the particle is most strongly adsorbed (Binks, B. 

P. & Lumsdon, 2000; Binks, 2002).  It is also easy to notice that particles of larger radius are 

more strongly adsorbed.  This demonstrates how the contact angle of a particle of certain size at 

a droplet surface can largely impact its ability to irreversibly adsorb at the interfacial surface. 
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Figure 15: Contact angle, 𝜃 (degrees), determines the formation of o/w versus w/o emulsions, 

where 𝜃 > 90° is characteristic of preferential wetting of particles by the oil phase, leading to w/o 

emulsions, whereas 𝜃 < 90° results in o/w emulsions. 

Further, contact angle in whey protein emulsions increases in the presence of NaCl, with  (D. Li 

et al. 2018a) reporting that 𝜃 of WPI-stabilized emulsions reached an apex at ~ 100 mM NaCl.  

 In addition to contact angle, surface hydrophobicity (S0) greatly affects a particles 

viability and efficacy as a Pickering emulsifier.  Hydrophobicity, defined as a lack of affinity 

towards water (Law, 2014), can determine the extent of attraction (or lack thereof) that a whey 

protein aggregate (WPA) or any Pickering emulsifier has for water, and therefore its ability to 

adsorb to an oil-water interface (Binks & Lumsdon, 2000; Xiao et al., 2018).  More hydrophobic 

particles easily disperse in oil, while hydrophilic their counterparts prefer water (Binks, 2002).  It 

is agreed that particles may be considered hydrophobic when their static water contact angle, 𝜃, 

at an interface is greater than 90°, and hydrophilic when less than 90° (Law, 2014), similar to the 

definitions provided in Figure 15.  Particles of greater hydrophobicity (S0), preferring the oil 

phase, will form a contact angle greater than 90° at an interfacial surface between oil and water, 

pushing themselves further into the oil phase (Binks, 2002), and will also possess higher 

emulsifying activity (EA) capabilities (Kato & Nakai, 1980).  Thus, hydrophobicity can impact 
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static contact angle of whey protein aggregates at an interface, and therefore the stability of the 

emulsion formed per the energy required to remove the particle from the interface.  It should be 

noted, however, that particles of intermediate hydrophobicity are most effective in stabilizing 

emulsions (Binks, 2002), as they will yield contact angles closest to 90°, although this is rare 

(Dickinson and Bergenstahl 1997) such protein particle-stabilized surfaces are not well studied.  

The processing of whey protein particles can also impact hydrophobicity, and therefore increase 

adsorption of the particle at the oil-water interface (Sengupta, Razumovsky, & Damodaran, 

1999), as hydrophobic interactions increase as the temperature of heat treatment of whey protein 

aggregates increases (Mohammad Karim & Kavehpour, 2015), due to the exposing of 

hydrophobic microdomains buried within the protein structure (Li, D. et al., 2018; Mahmoudi et 

al., 2011).  Furthermore, increasing protein hydrophobicity or the formation of hydrolyzed 

peptides may lower the kinetic adsorption energy required to adsorb to the o/w interfacial surface 

(Sengupta et al., 1999).  It is also noted that lowering pH of a whey protein solution prior to heat 

treatment increases hydrophobicity; as a result of higher S0, whey protein aggregation also 

increases (Lam & Nickerson, 2014).  Therefore, it is presumed that WPAs formed during 90°C 

heat treatment will be of higher hydrophobicity and extent of aggregation than those formed 

during say 80°C heat treatment and so on, theoretically resulting in quicker adsorption rate at the 

interfacial droplet surface and likewise a higher emulsion stability, to an extent.   

 It should be noted that previous results indicate that particles with smaller diameter (e.g. 

200 nm) act as more efficient emulsifiers in o/w systems than those of larger diameter (e.g. 300 

nm) (Liu et al., 2016; Mahmoudi et al., 2011; Torres et al., 2018).  However, exceptions to this 

rule exist, and it has been noted that further research into microgel aggregate (MGAs) 

applications are needed (Gélébart et al., 2019; Liu et al., 2016).  Although their manufacturing 
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procedures were not disclosed, it can be assumed that the MGAs used in Destribats et al. 2014 

are similar to those chosen in Gélébart and group (2019) (5 wt%, pH 5.8, 85°C for 1 hr), which 

were prepared at pH near the IEP of whey proteins, resulting in dense, spherical aggregates 

(Gélébart et al. 2019).  Destribats and co-workers (2014) investigated the immediate stability of 

resultant o/w emulsions after 1 hr of preparation to assess impact of pH, particle size, protein 

concentration, and salt content on stability and establish connections between these key 

processing parameters.  It was confirmed that resultant emulsions at nearly any pH and salt 

content were immediately stable, even though protein aggregate dispersions at pH near the IEP 

separated very quickly.  Adding salt (150mM NaCl) was shown to shift the IEP down closer to 

4.0, as opposed to 5.0 in the absence of salt (Destribats et al. 2014).  In addition, larger particles 

were shown to develop when the emulsion physiochemical environment was close to the IEP.  

Gélébart and co-workers were also able to provide insight into the morphology of MGAs and 

FAs (5 wt%, pH 7.0, 80°C for 2 hrs), in addition to interfacial surface load, whey separation of 

acid milk gels, protein composition, and rheological characteristics of resultant acid milk gels.  It 

was concluded that fractal aggregates effectively stabilized milk gels and strengthened their 

structure, while microgel aggregates required further analysis (Gélébart et al., 2019), although 

relatively few works have considered this specie of WPA with regard to emulsions.  The 

forementioned works provide valuable insight into key parameters affecting morphology and 

surface characteristics of whey protein aggregates. However, long-term phase stability and 

interfacial adsorption kinetics and their correlation (or lack thereof) to surface characteristics 

and/or structural morphology are necessary and are yet to be explored. 
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CHAPTER 2: RESEARCH CHAPTER 

The impact of structural nature of whey protein self-assemblies on oil-water interfacial behaviors 

and o/w emulsion stability   
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2.1. Introduction  

 Emulsions are common across a variety of industries including food, pharmaceuticals, 

and consumer. Emulsions are formed when two immiscible fluids (e.g. oil and water) are mixed, 

with one dispersed as droplets while the other remains continuous (Robins, M. M., Watson, & 

Wilde, 2002).  The two main forms of food emulsions are oil-in-water (o/w) and water-in-oil 

(w/o) emulsions.  In the case of o/w emulsions, the oil phase is dispersed throughout in small 

droplets, referred to as emulsion droplets, which can greatly range in size depending on 

mechanical shear applied during emulsification, the specific emulsifying materials used and their 

respective interfacial properties.   

 Whey protein based ingredients including whey protein concentrate (WPC) and whey 

protein isolate (WPI) have been used as emulsifiers in different food emulsion applications 

(Zayas 1997; McClements 2004; Lam and Nickerson 2013). These ingredients are highly 

functional and are able to stabilize o/w emulsion droplets at ambient temperature and neutral pH 

(Dickinson and Bergenstahl 1997; K. Damodaran S. Parkin and Parkin 2017).  However, 

WPC/WPI stabilized emulsion droplets have low resistance to heat treatment (Qi, Xiao, and 

Wickham 2017; Setiowati, Saeedi, Wijaya, and Van der Meeren 2017).  In addition, proteins as 

coating materials on the oil-water interfaces may be readily replaced by bio-surfactant, such as 

bile salt in the case of gastrointestinal digestion process (Singh and Sarkar 2011).  As a result, 

lipase–colipase adsorbs on to the new oil-water interfacial layer coated by bile-salt and starts 

hydrolysing oil and free fatty acids may be released into the continuous phase. Therefore, the oil 

in protein stabilized emulsion droplets may be digested in a relatively faster rate. It is reasonable 

to hypothesize that by controlling the original affinity of surface active material on oil-water 

interface, one may be able to manipulate the oil digestion kinetics, which may result in numerous 

applications including low calorie foods with slow fat digestion rate and controlled delivery of 
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nutrients. Several studies have shown improved emulsion heat stability following specific pre-

heat treatment protocol of whey protein dispersions prior to emulsion formation (Sarkar, Arfsten, 

et al. 2016; Gélébart et al. 2019; Setiowati, Saeedi, Wijaya, and Meeren 2017).  The morphology 

of heat induced protein self-assemblies may vary depending on heat treatment conditions and 

protein dispersion properties (Gélébart et al. 2019; Destribats et al. 2014; Sarkar, Murray, et al. 

2016).  Heat treatments may range between 80-90C and protein dispersion may contain up to 

12% w/w protein content (Destribats et al. 2014; McSwiney, Singh, and Campanella 1994; 

Dybowska and Krupa-Kozak 2020; Murray 2020), resulting in protein denaturation and forming 

soft, semi-rigid particles that may irreversibly adsorb at the oil/water interfacial surface 

(Destribats et al. 2014; Dickinson 2003; Wu et al. 2015a; D. Li et al. 2018a; McSweeney and 

O’Mahony 2016).  Emulsions stabilized by solid particles are referred to as Pickering emulsions 

(Pickering 1907).  

 Pickering emulsions stabilized by whey protein self-assembly particles are of particular 

interest due to their i) ability to control lipid digestion kinetics (Giang et al. 2016; Sarkar, 

Murray, et al. 2016; P. J. Wilde and Chu 2011; Golding et al. 2011),  ii) control the delivery of 

nutrients (Deloid et al., 2018; Giang et al., 2016; Golding et al., 2011; Wang, Q. et al., 2019; 

Wei, Zhu, Cheng, & Huang, 2019),  and iii) improved heat stability (Chevallier et al., 2018; 

Chihi et al., 2016; Destribats et al., 2014; Mahmoudi et al., 2011), and iv) manipulation of 

surface characteristics to best meet the needs of specific emulsion systems (Gélébart et al. 2019; 

Demetriades, Coupland, and McClements 1997; Dickinson and Bergenstahl 1997; Ipsen 2017; 

Lim et al. 2020; Nicolai and Durand 2013).  

 Although there is growing interest in Pickering emulsions for their benefits and potential 

in industrial applications (Style, Isa, and Dufresne 2015; Chevallier et al. 2018; Yusoff and 
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Murray 2011; M. Xiao et al. 2018; Lim et al. 2020; Dybowska and Krupa-Kozak 2020), the 

impact of structural features of protein self-assembly particles on oil-water interfacial behaviours 

and on emulsion stabilities have not yet been fully understood.  Many surface factors play a role 

in determining the stability of emulsions formed; namely surface charge of emulsion droplets, 

surface hydrophobicity of protein particles, surface load protein particles on oil droplets, oil-

water interfacial tension, surface free energy of dried protein particles, oil-solid-water three 

phase contact angle, and interfacial rheological properties (Foegeding et al. 2002; Marze 2013; 

X. Zhou, Sala, and Sagis 2020; Dombrowski et al. 2016; Wierenga et al. 2006).  Therefore, it is 

important to understand how each of these properties and the morphology of the whey protein 

aggregated particles may regulate the adsorption mechanism at the oil-water interfacial surface 

and determine the phase stability of a Pickering emulsion system. 

 Different protein aggregates with different structural features including different sized 

spherical microgel aggregates and fractal aggregates have been manufactured via both top-down 

and bottom-up methods previously and used as surface active components for forming Pickering 

emulsions (Destribats et al., 2014; Gélébart et al., 2019; Mahmoudi et al., 2011; Sarkar et al., 

2016).  Subsequently, the different Pickering emulsions were studied for different applications 

such as controlled digestion of lipids (Sarkar et al., 2016; Sarkar et al., 2019), texture regulation 

in milk gels (Gélébart et al., 2019), and controlled delivery of hydrophobic nutrients 

(Kawaguchi, 2000; Marze, 2013; Wilde & Chu, 2011).  Additionally, these materials have been 

studied in terms of their particle structural morphology, surface protein load, and immediate (t0) 

emulsion stability at various salt contents and pH (Destribats et al., 2014; Gélébart et al., 2019; 

Sarkar et al., 2016). In this work, both top-down and bottom-up methods are utilized to fabricate 

three types of whey protein self-assemblies with distinct structural features. Structural nature, 
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surface characteristics, oil-water interfacial behaviours of these particles are studied and these 

characteristics are used to correlate with coalescence stability of Pickering emulsions stabilized 

by the mentioned protein particles over a 100 days shelf life. Therefore, the relationships 

between particle structure, oil-water interfacial properties and emulsion coalescence stability 

may be revealed.  

 

2.2. Materials and Methods 

2.2.1. Materials  

 Native Whey Protein Isolate was kindly provided by Leprino Foods, Inc. (Denver, 

Colorado; batch number 50924040). Table 1 below displays the relative composition of this 

material, as provided by the supplier.  Sunflower oil (LOT#SF1203) was obtained from Healthy 

Harvest Productions, LLC (Berthoud, Colorado, USA).  

Table 1: Leprino Foods native WPI contents as provided in certificate of analysis 

Native Whey Protein 

Isolate 

pH 6.75 

PDB* 94.49% 

Moisture 3.02% 

Milkfat 0.22% 

 *protein on a dry basis 

 

 Phosphate buffer saline (PBS) was created by diluting 10x strength standard phosphate 

buffered saline (200mM phosphates, BP3994, Fisher BioReagents, Pittsburgh, PA) to a 
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phosphate concentration of 20mM and salt concentration 230mM NaCl.  This PBS solution was 

used for several steps of this project.  Later, a separate phosphate buffer solution was made at pH 

7 using methods adapted from Calbiochem™ using sodium phosphates(Buffers A guide for the 

preparation and use of buffers in biological systems).  A phosphate buffer (PB) was also created 

at 20mM phosphates from 200mM phosphate (Fisher Scientific).  

Nomenclature:  

 WPI: whey protein isolate 

 FA: fractal aggregate 

 SA: spherical aggregate 

 WPM: whey protein microgel 

 WPA: whey protein aggregate 

 PS: parent solution 

WPI-E, FA-E, SA-E, WPM-E, WPA-E: where “E“ denoting emulsion. E.g. WPI-E means WPI 

stabilized emulsion 

 β-Lg: beta lactoglobulin  

 -Lac: alpha lactalbumin  

 SDS-PAGE: Sodium dodecylsulphate-polyacrylamide gel electrophoresis 

 PBS: phosphate buffer saline 

 PB: phosphate buffer 

 DI water: de-ionized water 

 ζ-potential: zeta potential 

 S0: surface hydrophobicity  

 IEP: isoelectric point  
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2.2.2. Methods 

2.2.2.1. Preparation of Fractal Aggregates (FAs) from WPI    

 Methods were adapted from Gélébart and co-workers (2019) and Loiseleux and co-

workers (2018), in which Leprino™ Native Whey Protein Isolate was dissolved in 20 mM 

phosphate buffer saline (PBS) under magnetic stirring overnight at 4°C until a concentration of 

80 g/L is achieved (Loiseleux et al., 2018).  Protein concentration was confirmed using a 

Shimadzu UV-1800 spectrophotometer at 280 nm with an extinction coefficient of 1.046 L g-1 

cm-1.  The solution was adjusted to pH 7 using 1 M sodium hydroxide (NaOH) and adjusted to 

final concentration of 50 g/L of WPI with PBS at 45 mM NaCl to promote electrostatic screening 

resulting in branched protein aggregation.  Sodium azide (NaN3) concentration in the final 

solution was 0.02% w/v to prevent microbial growth.  Heat treatment was done using a water 

bath at 80 °C for a duration of 120 minutes with a volume of 2000 mL (50 g/L) protein solution.  

The sample was cooled to room temperature following heating.  The aggregate solution was 

stored at a temperature of 4 °C (refrigeration temperature).  As described in Gélébart and co-

workers (2019), aggregate solutions could remain refrigerated at this temperature up to one 

month.  However, for the sake of consistency and convenience, the aggregate samples were 

spray dried using a Büchi mini spray drier B-290 unit (Büchi, DE, USA), then reconstituted with 

DI water to the desired concentration prior to collecting any following measurements (Gélébart 

et al., 2019).   

 

2.2.2.2. Preparation of spherical aggregates (SAs) from WPI    

 Methods were adapted from Gélébart and team (2019), in which 50 g/L WPI was 

prepared using deionized (DI) water and Leprino™ WPI powder with pH adjusted to 5.8 using 
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0.25N HCl.  Protein concentration was confirmed using a Shimadzu UV-1800 

spectrophotometer.  The solution was magnetically stirred at 4°C overnight to allow adequate 

dissolving of the whey proteins.  A volume of 1000 mL of protein solution was heated at 85 °C 

for 60 minutes (via hot water bath) without stirring to yield whey spherical aggregates (SAs) 

(Gélébart et al., 2019). 

 

2.2.2.3. Preparation of whey protein microgel particles (WPM) from WPI    

 The process manufacturing shall be adapted from Sarkar and co-workers (2016), on the 

principle of disulfide crosslinking of whey protein isolate.  A 10 wt% solution was prepared by 

dissolving Leprino native WPI powder in 20 mM phosphate buffer (PB) at pH 7 for 

approximately 2 hours, before storage at 4 °C overnight.  This ensured complete solubilization.  

The WPI solution was then heated to 90 °C for 30 minutes and cooled to room temperature for 

30 minutes, followed by storage at 4 °C overnight once again to form a bulk whey protein gel.  

The next morning the gel was mixed with 20 mM PB (1:1 w/w) at pH 7 and pre-homogenized 

using a benchtop IKA Ultraturrax blender (IKA Labortechnik GmbH, Staufen, Germany) for 10 

minutes at 13000 rpm.  Following blending, homogenization was conducted using a Niro Soavi 

(Parma, Italy) Panda Plus 1000 homogenizer operating at 270 bar.  Three passes were completed 

with a total volume of 2000 mL of gel/PBS solution.  This yielded 5 wt% spherical whey protein 

microgels (WPMs) (Sarkar et al., 2016).   

 

2.2.2.4. Spray Drying of dispersions of Aggregates  

 All materials were spray dried using a Büchi B-290 (Büchi Corporation, DE, USA) 

equipped with a 0.7mm nozzle.  Nitrogen (N2) gas was provided by AirGas (Raleigh, North 
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Carolina) and fed at a rate of 460 L/hr (needle valve position 4.5cm) and pressure of 35 psi at an 

inlet temperature of 140 °C.  Protein aggregate solutions were fed at a rate of 10 mL/min at 20°C 

(ambient room temperature).  Aggregates were spray dried for two reasons, as dry powder i) 

allows for easy reconstitution to desired concentration for following analyses, and ii) industry 

works predominately with dry powders (Jelen 1979), thus it is crucial that these materials prove 

viable and/or advantageous in emulsion systems following spray drying.  

 

2.2.2.5. Re-constitution of whey protein particles and parent solution preparation  

 Following spray drying, parent solutions (PSs) were created at pH 7.0 and 1% w/w final 

protein concentration from each particle type to achieve identical physiochemical environments.  

Both WPI and SAs were re-constituted at 1% w/w with PBS.  FAs were re-constituted to 5% 

w/w with PB, then diluted to 1% w/w using PBS.  WPMs were re-constituted to 5% w/w using 

DI water, then further diluted to 1% w/w using PB.  Each PS resulted in final protein 

concentration 1% w/w, 20 mM phosphates, and 45 mM NaCl (~46 mM phosphates for WPM) at 

pH 7.0.  This provided equal baseline solutions from which to carry out following experiments.  

All PSs were subject to homogenization (750 bar, 3 passes) using the same Niro Soavi high-

pressure homogenizer instrument as mentioned previously.  This was done to ensure dissociation 

of clusters of WPAs that may have formed during spray drying (Destribats et al. 2014). 

 

2.2.2.6. Particle Size Distribution (PSD) and ζ-Potential  

 ζ-potential and particle size distributions (PSD) of whey protein aggregates and microgels 

have been collected using a Wyatt Möbius instrument (Wyatt Technology, CA, USA) equipped 

with a flow cell.  The instrument was equipped with 532 nm laser, measuring the scattered light 
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intensity fluctuations which are converted to a translational diffusion constant Dt.  The 

hydrodynamic radius of protein particles (Rh) is calculated based on Stokes–Einstein Relation: 

 𝑅𝐻 =
𝑘𝐵𝑇

3𝜋𝜂𝐷𝑇
 (2) 

in which kB is Boltzman’s constant; T is temperature in kelvin, η is viscosity of continuous 

phase.  Furthermore, ionic strength was not mentioned, therefore assumed to be zero for the 

overall control sample of 0.1% w/w WPI in DI water (Wagoner & Foegeding, 2017).  ζ-

potential, the parameter used to describe measurable electrokinetic potential of a particle in 

aqueous medium, measurements will be calculated through the Smoluchowski equation:  

 𝜇 =
𝜁𝜀

𝜂
 (3) 

where the particle radius, r, must be much greater than 𝜅−1, the Debye length.  Further, 𝜀 is the 

electric permittivity of the solvent, while 𝜂 represents the solvent viscosity (Pa s).   

A Branson 150 (Emerson USA) sonicator was used to break apart protein aggregate clusters 

formed during the spray drying process.  The unit was equipped with a 6mm horn, operating at 

60% amplitude on an interval of 1.0s ON, 0.5s OFF for a duration of 30 minutes over ice.  As 

already reported by Schmitt and group (2010) and Destribats and co-workers (2014), the WPM 

particles form during the spray-drying step yielding spherical hollow granules having a diameter 

of about 30–40 mm (Schmitt et al. 2010; Destribats et al. 2014).  From electron microscopy 

observations, they showed that WPM particles form the wall in the powder particles, densely 

packed around an empty cavity formed by water evaporation during drying.  Destribats and co-

workers (2014) determined that a sonication step is necessary for de-aggregation of the wall of 

proteins into individual microgel particles or aggregates  (Destribats et al., 2014).  
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2.2.2.7. Transmission Electron Microscopy (TEM)  

 Aggregate solutions were diluted in deionized water at ratios of 1:50, 1:10 and 1:10 their 

original concentration (1% w/w) for FAs, SAs and WPMs, respectively, at the Analytical 

Instrumentation Facility (AIF) at the North Carolina State University (Raleigh, NC, USA).  A 

volume of 20 μL of each diluted sample was deposited on 200-mesh carbons grids.  A PELCO 

easiGlow™ Glow Discharge Cleaning System (Ted Pella Inc, Stockholm, SWE) was used for 

cleaning TEM grids and to glow discharge the carbon coated 200 mesh grids just prior to floating 

the grids on the samples.  After two minutes, the excess is removed with an absorbent paper.  

The samples are stained with 2% of uranyl acetate solution for two minutes before removing 

excess and dried at ambient room temperature overnight before imaging the following morning.  

Observations were collected using a Thermo Scientific FEI Talos F200X unit (ThermoFisher 

Scientific, MA, USA) operating at 80 kV to observe individual particle morphology (Gélébart et 

al 2019).  TEM will elucidate morphology of individual protein particles and approximate 

aggregate and microgel sizes. 

 

2.2.2.8. Surface Hydrophobicity  

 Protein surface hydrophobicity was measured using fluorescence probe methods adapted 

from Zhou and team (2020), which was first described by Lam and Nickerson (2015) (Lam and 

Nickerson 2015; X. Zhou, Sala, and Sagis 2020).  WPI-PSs were diluted with PB to obtain a 

concentration range from 0.02 wt% to 0.1 wt%, while WPA-PSs were diluted to a concentration 

range from 0.005 wt% to 0.04 wt%.  990 μL of each protein sample were mixed with 10 μL of 8 

mmol/L 8-anilino-1-naphtalenesulfonic acid ammonium salt (ANS) solution to produce a 

fluorescent signal when interacting with hydrophobic portions of the protein structures (Kato and 
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Nakai 1980).  Samples were refrigerated (4C) overnight.  On the day of measurement, the 

mixtures were incubated in the dark at 50C, while being lightly agitated for 1 h.  A PB-ANS 

solution without protein was measured as a blank, and PB-protein solution (for each particle 

type) was the control.  For each protein sample, blank and control, 200 µL of solution was added 

in a microwell (96-well plate SKU: 186002643, Waters Corp., USA) and fluorescence measured 

using a SpectraMax iD3 (Molecular Devices LLC, CA, USA) microplate reader operating under 

an excitation wavelength of 390 nm and emission wavelength of 470 nm (Lam & Nickerson, 

2015).  The outputs of both the control and the blank were subtracted from all protein samples to 

produce the net fluorescence output (in relative fluorescence units or RFU).  The slope of the net 

fluorescence as a function of protein concentration was graphed to examine hydrophobicity of 

each protein sample.  All measurements were conducted in triplicate.  

 

2.2.2.9. O/W Emulsion Preparation  

 Oil-in-water emulsions were prepared using the three different protein aggregate samples 

and native WPI respectively.  The emulsion preparation method was adapted from Sarkar and 

co-workers (2016) in which the emulsions were prepared via mixing 20.0% (v/v) sunflower oil 

and 80.0% (v/v) aqueous protein dispersions containing 0.8% (w/v) protein in the final emulsion 

sample.  The mixtures of sunflower oil and protein dispersion were mixer using a conventional 

rotor-stator type homogenizer/mixer (IKA T25 Ultraturrax, IKA, USA) at 5000 rpm for 5 

minutes.  These pre-emulsions were then homogenized via three passes through a Niro Soavi 

Panda Plus 1000 (Niro Soavi, Parma, Italy) homogenizer at a pressure of 250 bar.  Emulsions 

made from WPI, FA, SA, and WPM are referred to as WPI-E, FA-E, SA-E, and WPM-E, 

respectively.  
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2.2.2.11. Particle Size Distribution of Emulsion Droplets  

 The milkfat droplet size distributions, whose methods are adapted from Lazarro and co-

workers (2017), were collected via laser light diffraction immediately (t=day0) after preparation 

of the emulsions and after 10 (t=day10) and 100 (t=day100) days of storage at refrigeration (4C) 

temperature.  A Mastersizer® 3000 (Malvern Instruments, Worcestershire, UK) equipped with 

Hydro EV™ flexible-volume wet dispersion accessory was used.  The unit is equipped with a 

He/Ne laser (l 1⁄4 633 nm) and an electroluminescent diode  (l 1⁄4 466 nm).  The refractive 

indices will be set to 1.46 (at 466 nm) and 1.458 (at 633 nm) for milkfat and 1.33 for water.  All 

distributions and/or their corresponding mode values (i.e. the maxima of the size distribution) are 

used to compare emulsions.  Measurements will be performed in triplicate.  The Mastersizer unit 

yields both D[3,2] surface-weighted and D[4,3] volume-weighted average particle diameters.   

 

2.2.2.12. Confocal Laser Scanning Microscopy (CLSM) 

 To prepare samples for CLSM, 30 µL of each of the four protein-stabilized emulsions 

were gently mixed with 10 µL stain mixture containing a 1:1 ratio of lipophilic Nile Red 

(IUPAC: 9-(Diethylamino)-5H-benzo[a]phenoxazin-5-one) and Fast Green protein stain 

(IUPAC: ethyl-[4-[[4-[ethyl-[(3-sulfophenyl)methyl]amino]phenyl]-(4-hydroxy-2-

sulfophenyl)methylidene]-1-cyclohexa-2,5-dienylidene]-[(3-sulfophenyl)methyl]azanium) to 

stain the oil droplets and protein moieties, respectively.  Once mixed, samples were hermetically 

sealed over concave glass slides and refrigerated for 30 minutes at 4C.  Finally, CLSM images 

were collected using a Zeiss LSM710 confocal microscope paired with Zeiss Zen Black software 

(Carl Zeiss Inc., Jena, Germany).   
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2.2.2.13. Observation of emulsion droplets via cryo-SEM 

 Cryo-SEM analysis was conducted using a JEOL JSM-7600 FE SEM (JEOL USA, 

Peabody, MA) fitted with an Alto-2500 (Gatan, Warrendale, PA).  Samples were flash frozen 

with liquid nitrogen before being transferred to an Alto-2500 chamber under vacuum and cryo-

fractured.  Samples were etched for 10 minutes at 95C under a 4 x 10-6 mbar vacuum to 

examine the structure, then promptly cooled to -120C.  A cold magnetron (in-situ) coater was 

used to apply a 5 nm-thickness coating (Au/Pd) on etched sample.  SEM images were then 

captured using 5 kEv at 5 mm distance under cryo-conditions temperature.  Reference Figure 22 

for cryo-SEM images. 

 

2.2.2.14. Protein surface excess concentration (SEC) of emulsion droplets 

 To quantify the SEC (𝛤, mg‧m-2) of protein on emulsion droplets, each emulsion sample 

was centrifuged at 20,000g for 45 min (Sorvall, Legend, Micro 21R Microcentrifuge, Thermo 

Fisher, USA).  The subnatant protein dispersion phase was collected and diluted (1:1) with a 

denaturing solution (DNS) to dissociate protein assemblies.  The denaturing solution contained 

8 M urea, 5 g‧L-1 SDS, 0.2 M tris buffer, 0.05 M trisodium citrate and 10 mM β-mercaptoethanol; 

subsequently, the denatured and homogenized dispersed protein solutions were measured for 

protein content (
𝐶𝑠𝑢𝑏

2
) using the aforementioned spectrophotometer method (in section 2.2.2.1.) 

(Gélébart et al., 2019).  The SEC (𝛤) was calculated using the following equation (Hinderink et 

al. 2021): 

 

𝛤 =
(𝐶𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛− 𝐶𝑠𝑢𝑏)∙𝐷[3,2]

6φ
   (5) 
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where 𝐶𝑒𝑚𝑢𝑠𝑙𝑖𝑜𝑛 is the original protein content in emulsion system (8 mg‧mL-1), 𝐶𝑠𝑢𝑏 is the 

measured protein content in subnatant, 𝐷[3,2] is surface area weighted mean diameter, and φ is 

oil fraction (0.2). 

 

2.2.2.15. SDS-PAGE 

 The relative fractions of disulfide bond (S-S) mediated protein-protein aggregation for 

the two major proteins, α-lactalbumin and β-lactoglobulin, were characterized using SDS-PAGE 

and were quantified using densitometry method.  In general, the relative quantity of S-S 

mediated protein-protein aggregation was computed from the difference of band intensities 

between reduced and non-reduced conditions.  Under reduced condition, all protein assemblies 

are dissociated and the band intensities of α-lactalbumin (at 14k Da) and β-lactoglobulin 

(monomer, at 18.4 kDa) standards are considered as a reference basis (100%).  Under denaturing 

but non-reduced condition, the S-S mediated protein-protein aggregates may not be resolved and 

may result in decreases of band intensity for α-lactalbumin and β-lactoglobulin.  Therefore, the 

proportions of decreased band intensity for the mentioned major whey proteins between reduced 

and non-reduced conditions indicate the volume of S-S mediated protein-protein aggregation in 

the protein assembly samples.  The SDS-PAGE method is adapted from a previous work from 

our group (Zheng et al., 2013).  Precast gels (bis-Tris 4–12% polyacrylamide gel), NuPAGE 

LDS (lithium dodecyl sulfate, pH 8.4) sample buffer (4×), NuPAGE reducing agent 

(dithiothreitol), and Coomassie Brilliant Blue staining agent (SimplyBlue Safe Stain) were 

sourced from Invitrogen (ThermoFisher Scientific, CA).  Protein samples were reconstituted to 

200 µg‧mL-1 using distilled water followed by ultra-sonification (SFX250, Branson Ultrasonifier, 

Brookfield, CT, USA).  6.5 µL of each hydrated sample was mixed with 2.5 μL of 1X LDS 
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sample buffer with or without 1 μL reducing agent (depending on the required running 

condition).  For reducing condition, the samples were heated at 70 °C for 10 min after mixing. 

NuPAGE® MES SDS running buffer was used and the electrophoresis was run at constant 

voltage (200 V) for ~35 minutes.  The resultant gels were stained using Coomassie Brilliant Blue 

following the manufacturer’s instruction and were scanned using Gel Documentation System 

(Gel Doc XR+, Bio-Rad, USA) paired with Bio-Rad Image Lab (version 5.1) for quantification 

of band intensity.  Each of the samples were prepared and characterized in duplicate.  

 

2.2.2.16. Surface tension measurements 

 Spray-dried whey protein aggregates were reconstituted to 100 μg/L by re-dispersing the 

spray-dried powders into distilled water.  Re-dispersion was done by stirring (500 rpm) the 

powder into distilled water at room temperature for one hour followed by ultra-sonication using 

an ultra-sonifier (SFX250, Branson Digital Sonifier, Emerson, Brookfield, CT, USA) at 50% 

amplitude for 60 minutes.  The sonication rate was 10 seconds pulse ON and 2 seconds pulse 

OFF.  During sonication, the temperature of the samples was maintained at ~10 ˚C using an ice 

bath.  The surface tension of different whey protein aggregates at the oil-water interface was 

analyzed using a pendant drop method on an optical tensiometer (DSA-30S, KRUSS, Hamburg, 

Germany) as described by Yang & co-authors (J. Yang et al. 2020).  In brief, a hanging drop of 

35 μL was formed using a J-shaped needle (2 mm diameter).  A computer-driven dosing system 

was used to form the drop in a quartz cuvette (size of 45L x 45H x 25W) filled with 40 mL of 

aggregate dispersion.  Young-Laplace equation (eq. 1) was fitted on the curvature of the drop to 

estimate the interfacial tension.  The young-Laplace equation is defined as the pressure change 
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between outside and inside of the curved area of the liquid surface (Lin et al. 1995; Yakhshi-

Tafti, Kumar, and Cho 2011). 

 ∆𝑃 = (𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡) = 𝛾 (
1

𝑅1
+

1

𝑅2
) (6) 

where ΔP is the pressure difference, Pin & Pout are the pressure inside & outside of the curved area of the 

liquid surface, γ is interfacial tension, R1 and R2 are the principal radii of the drop curvature. Change in 

interfacial tension over 3600 seconds was monitored. 

 

2.2.2.17. Determination of wettability and surface free energy  

 Wettability (contact angle) of the WPI, SA, MA and FA by liquid was performed using a 

sessile drop method on an optical tensiometer (DSA30, KRÜSS GmbH, Hamburg, Germany). 

Before the measurement, films of about 0.5 mm thickness were formed on a glass surface by 

depositing protein solution or dispersion (2% w/w, into distilled water). Films were dried at room 

temperature overnight and the recorded moisture content during the analysis was between 5-6% 

(dry basis). Protein film deposited on the glass was placed on the sample holder and 30 μL of 

deionized water or 6 μL of diiodomethane was gently dripped using a 1.822 mm needle. After 

dosing the liquid on the surface, 10 data points were collected over 1 second of wetting periods. 

Average of the recorded values over 1 second were considered as the contact angle of the WPI 

and aggregates. Measured contact angles of polar and non-polar solvents were used to calculate 

the surface free energy (SFE) of powders using the most preferred SFE calculation model named 

Owens, Wendt, Rabel and Kaelble (OWRK) model (Hashizaki et al. 2019; Childs et al. 2007).  

Surface free energy equation below was used: 

 γsv = γs
d + γs

h  (7) 
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2.2.2.18. Statistical analysis 

 One-way analysis of variance tests are to be carried out using Minitab 16 (Minitab Inc., 

State College, PA).  Significant differences (P < 0.05) are determined using Fisher’s test in 

paired comparisons between sample means.  Pearson’s correlation coefficients were used 

between interfacial property data and emulsion phase stability data.  
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2.3. Results and discussion  

2.3.1. Morphology and physicochemical characteristics of aggregated whey protein particles  

 As shown in Figure 16, fractal aggregate (FA) particles possess a largely branched 

structure and differ greatly from their SA and WPM counterparts, which are dense, mostly-

spherical structures.  Post-homogenization Z-average diameter for the fractal aggregates was 

mono-modal (Fig. 1) and measured at around 174 nm, which roughly agrees with results by 

Gélébart and co-workers (2019).  Whereas, SAs and WPMs were each bimodal (Fig. 1) with 

mean diameters measuring 4579 nm and 1017 nm, respectively.  These Z-average diameters are 

significantly larger than the size cited in literature, which were reported as 450 nm (Gélébart et 

al. 2019) and 311 nm (Sarkar, Murray, et al. 2016) for SA and WPM, respectively.  The larger 

particle size of SA resulted from the current work is most likely due to further aggregation of 

protein particles during the spray drying process. In the mentioned literature, the z-average was 

performed on dilutions of protein particle dispersions directly after the heat induced aggregation.  

The SA particles fabricated from the current work have the highest surface hydrophobicity 

(result shown in Fig. 11), therefore, the larger size of SA is due to hydrophobic interactions 

during the drying process.  The cohesion between powder particles was strong enough to hold up 

the size after re-hydration according to particle size reduction after homogenization of the 

reconstituted particle dispersion system, perhaps forming hollow cores as suggested by 

Destribats and group (2014) which occurs during spray drying (Destribats et al. 2014).  Gélébart 

and team (2019) also explained the tendency for protein aggregates to group together to form 

larger clusters via hydrophobic interactions that result in a higher Z-average diameter (Gélébart 

et al. 2019).   Moreover, it is worth noting, for WPM fabricated from the top-down method, the 

z-average diameter as reported by Sarkar and co-workers (2016) was obtained from a 



 

 

74 

supernatant, however, the authors did not report how the supernatant containing protein particles 

was prepared.  Whereas, in the current work we tested the dilution of bulk protein particle 

dispersion without centrifugation or filtration yielding a supernatant fraction.  Therefore, the 

WPM obtained from the current is not comparable to the mentioned previous work.  Further, the 

range between D10 and D90 of SAs would indicate the majority of SA particles are in the 1700-

2100 nm range, which would indicate their existence of a trivial few particles skewing the mean 

diameter.   

 

   

   
 

Figure 16: Transmission-electron microscopy images and respective particle size distributions 

(below) collected via dynamic light scattering of A) fractal aggregates (FAs), B) spherical 

aggregates (SAs), and C) whey protein microgels (WPMs) with scale bars of 200nm, 200nm, and 

2m, respectively.  
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 As seen in Figure 16, it can be deduced that multiple protein aggregates including FA, 

SA and WPM may cluster together resulting a final morphology of each type particles. Both 

hydrophobic interactions and disulphide bond bridging involve in the clustering of aggregates. 

The fraction of disulphide bond mediated protein aggregation was quantified by SDS-PAGE 

(Fig. 10 & Table 2) and the results are discussed in the later content.   While native whey 

proteins range in size from 1-3 nm (Onwulata, Huth, and Tunick 2008) in diameter, spray drying 

may result in protein-protein aggregation and increase the z-average diameter.  In literature, the 

z-average of WPI dilution was reported in a range between 60-150 nm (K.N. Ryan et al. 2012; 

Loveday et al. 2014).  These variations may be due to variations in the original source of whey 

liquid and manufacturing conditions being different.  In the current work, the WPI was 

manufactured from the permeate stream from milk microfiltration for production of micellar 

casein concentrate and the measured Z-average was about ~118 nm (Table 2), which is in the 

range as reported in literature mentioned. 
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Table 2: Z-average diameter (nm) and ζ-potential (mV) collected for protein particles before and after high-pressure homogenization 

(250 bar) via dynamic light scattering (DLS). Relative percentage (%) disulfide (S-S) bonding and ß-Lg present in aggregates c 

collected via NuPAGE and SDS-PAGE reduced and non-reduced conditions. D10 and D90 illustrate diameters below which 10% and 

90% of measured particle diameters lie, respectively. Means ( standard deviation) analyzed by one-way ANOVA were compared 

using Fisher LSD method, the different letters indicate a significant statistical difference (P < 0.05).   
 

 
ζ-potential 

(mV) 

-before homo 

ζ-potential 

(mV) 

-post homo 

Z-average 

diameter (nm) 

-before homo 

Z-average 

diameter (nm) 

-after homo 

D10 (nm) 

-after homo 

D90 (nm) 

-after homo 

ß-Lg  

S-S mediated 

aggregation % 

α-Lac  

S-S mediated 

aggregation % 

WPI -25.06  0.86a -37.78  0.42b 92.22  11.04d 118.48  8.26c 4.95  1.44b 267.10  87.60c 2.08 ± 0.89c 4.96 ± 6.50c 

FA -24.15  0.69a -38.94  0.58b 933.29  52.79c 173.66  0.56c 57.88  5.41b 134.00  27.46c 96.69 ± 2.19a 94.02 ± 1.29a 

SA -10.68  0.83b -60.84  1.02a 2520.00  350.65a 4579.04  351.87a 1682.70  263.1a 2110.00  348.00a 87.83 ± 1.02b 81.88 ± 2.83b 

WPM -25.33  0.53a -33.09  0.13c 1871.59  200.13a 1017.05  196.10b 136.73  13.33b 1650.00  903.00b 99.47 ± 0.30a 95.96 ± 3.05a 
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 An interesting finding is the change in mean Z-average diameter of WPAs following 1 

homogenization.  While mean diameters of both FAs and WPMs decreased following high-2 

pressure (750 bar) homogenization, from 933 nm to 174 nm and 1872 nm to 1017 nm, 3 

respectively (P<0.05), WPI and SAs rose from 92 nm to 118 nm and 2520 nm to 4579 nm (table 4 

2).  The decrease in mean diameter between FAs and WPMs is likely due to the disruption of 5 

hydrophobic interactions and rearrangement of aggregate structures while under high mechanical 6 

shear. The same mechanical shear may also induce further aggregations of already aggregated 7 

protein particles this is the case for SA as shown in table 2. This may be due to the high shear 8 

increased the probability of collision, therefore, higher degree of flocculation of protein 9 

aggregation may be promoted especially considering SA has higher surface hydrophobicity 10 

among the three types of aggregates (shown in Fig. 11). Previous works also reported that high 11 

shear may induce protein unfolding and increase collision probability (Kim, Chen, and Fane 12 

1993; Simmons, Jayaraman, and Fryer 2007).  In contrast, the increase in mean diameter of WPI 13 

is most likely a result of shear and heat-induced unfolding and aggregation of ß-Lg and -Lac 14 

via S-S bridging and hydrophobic interactions (Patel et al. 2005).  The increase in mean diameter 15 

of the SAs at post homogenization was extreme.  Table 2 and Fig. 10 exemplifies the relative 16 

fraction of S-S mediated protein aggregation for the two major whey proteins β-lg and α-la.  The 17 

relatively low fraction of S-S mediated aggregation and the extremely larger z-average of SA 18 

together indicate the more hydrophobic interactions are involved in SA particles.  Fig. 11 shows 19 

SA has the highest surface hydrophobicity followed by FA, WPM, and WPI (P < 0.05).   The 20 

formation of S-S bonds during homogenization as a result of unfolding may also lead to 21 

increased flocculation stability (Patel et al. 2005; Galazka 1996), as evidenced by increased 22 

absolute value of ζ-potential (Kelsey N. Ryan and Foegeding 2015), as also provided in Table 2. 23 
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However, the increased size of SA may decrease the phase stability of particle suspension 24 

according to Stokes’ law.  The current results suggest that SA is not a good candidate of a novel 25 

food ingredient specifically for applications where high heat and high shear are involved.  Thus, 26 

SA particles are not a good candidate of stabilizers used at complex interfaces. 27 

 As forementioned, aggregation of whey proteins under specific heat treatment increases 28 

surface hydrophobicity of the resultant WPAs, compared to their native-protein globular 29 

structures, as a result of unfolding and exposing of hydrophobic residues (Fig. 11).  The slope of 30 

WPI is lower than each of the WPAs (P <0.05), which would indicate the lowest surface 31 

hydrophobicity.  The results suggest that the protein self-assembling process, regardless of 32 

specific conditions, may result in increase of surface hydrophobicity.    33 

 ζ-potential is also greatly impacted by aggregation of proteins, in addition to 34 

homogenization.  Each of the three WPAs obtained significantly more-negative ζ-potentials (post 35 

homogenization) than WPI according to Table 2.  The loss of positively-charged groups, which 36 

are tucked away in the hydrophobic core of globular whey proteins (Betz et al. 2012), during 37 

protein denaturation and aggregation of WPI result in a more-negative ζ-potential (Jiang et al. 38 

2018).  Table 2 also shows evidence of significant decrease (more negative) in ζ-potential 39 

following homogenization.  This likely follows the same logic as the decrease in ζ-potential 40 

following aggregation, stemming from a further exposure of hydrophobic entities within the core 41 

of whey proteins as a result of high pressure during homogenization and effectively lowering the 42 

overall particle electrostatic charge. 43 

 Table 2 provides further evidence of increased presence of increased strength of WPAs 44 

compared to WPI.  It can be deduced from Figure 17 that WPAs possess significantly higher 45 

percentages of disulphide bonds compared to WPI, which in conjunction with more-negative ζ-46 
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potential, would indicate increased strength of particles (Dombrowski et al. 2016; Jiang et al. 47 

2018; Sorbier, Aimable, and Pagnoux 2015).  Further, by the same logic, ranking particles by 48 

strength may look like WPM=FA>SA>WPI.  49 

 50 

 51 
 52 

Figure 17:  Lithium dodecyl sulfate (LDS) NuPAGE images (duplicate) of whey protein 53 

aggregated particles. Reduced WPI (1a), spherical aggregates (2a), microgel aggregates (3a), 54 

fractal aggregates (4a) and non-reduced WPI (1b), spherical aggregates (2a), microgel aggregates 55 

(3a), fractal aggregates (4a) and non-reduced native WPI (1b), spherical aggregates (2b), 56 

microgel aggregates (3b) and fractal aggregates (4b). 57 
 58 
 59 
 60 
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 61 
Figure 18: Surface hydrophobicity (slope) of each protein particle by measuring net fluorescence 62 

in units of relative fluorescence units (rfu) with increasing protein concentration via fluorescent 63 

probe technique. Slopes represent the average of three measurements for WPI (red), FA (grey), 64 

SA (blue), and WPM (yellow). Means ( standard deviation) were analyzed by one-way 65 

ANOVA (P < 0.05). 66 

 67 

2.3.2. Interfacial properties of aggregated whey proteins 68 

 With regard to the oil-water interfacial behaviour, WPI exhibited the quickest adsorption 69 

at the oil-water interfacial surface, which agrees with findings by (J. Yang et al. 2020).  WPI 70 

lowers surface tension and simultaneously increases surface pressure to a greater extent than any 71 

other whey protein self-assemblies measured via drop shape analyser as shown in Figure 19, 72 

indicating a greater extent of surface activity, which is further evidenced in Table 3.  73 

 74 
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 79 

Figure 19: Surface adsorption kinetics including interfacial tension (I) and surface pressure (II) 80 

of each particle type as a function of time measured via drop shape analyzer of WPI (blue), FA 81 

(orange), SA (grey), and WPM (yellow).  Solid-gas contact angle (III) measured at t=0 seconds 82 

(top row) and t=5 seconds (bottom row) and collected via drop shape analyzer using a sessile 83 

drop of water for each emulsifier particle including WPI (a,e), SA (b,f), WPM (c,g), FA (d,h).  84 

 85 

 86 

Even though WPI results in lower oil-water interfacial tension, surprisingly, WPI exhibits a 87 

significantly larger extent of estimated overall free energy change (ΔG) required for the 88 

formation of emulsion system than whey protein aggregates (WPAs).  This is due to the specific 89 

surface area of WPA stabilized emulsions being significantly lower than the WPI emulsion at 90 

quasi equilibrium state.  The specific surface area is calculated using D[3,2] as shown in Table 2.  91 
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Among the WPAs, WPM showed the greatest oil-water interfacial activity, which reduced 92 

surface tension and increase surface pressure in a faster rate compared to SAs and FAs (Table 3). 93 

94 

 The results are in good agreement with Yang and co-workers (2020) and Rullier and 95 

group (2008) who report WPI lowering surface tension in emulsion systems at a quicker rate and 96 

to a greater extent than WPAs, where larger aggregates lower tension most slowly and to a lesser 97 

extent (J. Yang et al. 2020; Rullier, Novales, and Axelos 2008).  We expect lower surface 98 

pressures and higher surface tension for the WPAs when compared to native WPI, as the number 99 

of surface-active molecules is decreased upon aggregation due in part to their larger size, which 100 

henceforth reduces their rate of migration to the interfacial surface and thereby lowers their 101 

interfacial kinetics observed via tensiometer (Rullier, Novales, and Axelos 2008; J. Yang et al. 102 

2020).  WPI has the ability to unfold and cover the interfacial surface more readily than 103 

aggregated proteins (Mahmoudi, Axelos, and Riaublanc 2011), increasing adsorption kinetics at 104 

the interfacial surface (Mahmoudi et al. 2010). 105 

 106 

  107 
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Table 3: Interfacial properties of oil-in-water droplets stabilized by each particle type collected via laser diffraction technique.  Means 108 

(± standard deviation) were compared using one-way ANOVA and Fisher LSD grouping method to determine significant differences 109 

(P<0.05) between different interfacial properties including interfacial tension, ϒ (mN/m) after i) 500s ii) 2000s and iii) 3500s,  surface 110 

pressure, Π (mN/m)  at iv) 20min and v) 60min, vi) change in free energy, ΔG (mN/m), vii) relative area of deformation, 𝜎 (%), viii) 111 

contact angle, 𝜑, measured in water at t=5 sec, and ix) surface free energy (SFE, mN/m) of WPI, FA, SA, and WPM particles. 112 

 113 

 
ϒ (mN/m) 

500s 

ϒ (mN/m) 

2000s 

ϒ (mN/m) 

3500s 

Π (mN/m) 

20min 

Π (mN/m) 

60min 
ΔG (mN/m) 𝝋 () SFE (mN/m) 

WPI 27.79 ± 0.34d 22.88 ± 0.72d 21.70 ± 0.65d 7.075 ± 0.42a 17.55 ± 0.65a 17.95 ± 1.85a 33.00 ± 1.41b 64.46 ± 0.49c 

FA 37.57 ± 0.057a 33.09 ± 0.32a 31.045 ± 0.28a 1.15 ± 0.33c 8.205 ± 0.28d 0.48 ± 0.030b 48.95 ± 0.071a 58.20 ± 0.34d 

SA 32.18 ± 0.064b 29.06 ± 0.021b 27.43 ± 0.35b 3.34 ± 0.09b 11.82 ± 0.35c 2.23 ± 0.10b 24.00 ± 1.41c 72.14 ± 0.064a 

WPM 31.3 ± 0.27c 27.27 ± 0.38c 25.093 ± 0.43c 3.55 ± 0.33b 14.16 ± 0.44b 1.74 ± 0.059b 26.10 ± 1.56c 68.51 ± 1.09b 

114 
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2.3.2. Characteristics of emulsions stabilized by WPI and WPAs 115 

 It can be observed from Figures 20-21 that emulsions stabilized by WPI and FAs 116 

possessed a mono-modal mean droplet diameter (D[4,3]) size distribution (collected via laser 117 

diffraction) with mean volume-weighted emulsion droplet diameters collected at t=day0 of 1.8 118 

µm and  100.4 µm, respectively, as provided in Table 3.  However, SA and WPM emulsion 119 

droplet size distributions were bimodal, with mean diameters of 51.0 µm and 56.5 µm, 120 

respectively, with the smaller of the two peaks likely representing non-adsorbed aggregates 121 

(Euston, Finnigan, and Hirst 2000).  Particle size distributions of mean volume-weighted 122 

diameter of emulsion droplets stabilized by each of the four particle types were collected at times 123 

t = day 0, day 10, and day 100, seen in Figure 21 below.   124 
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Figure 20: Confocal-laser scanning microscopy (A) images and emulsion droplet size distribution (B) of 1) WPI-E, 2) FA-E, 3) SA-E, 125 

and 4) WPM-E after t=24 hours.  Red portions represent oil droplets (stained by Nile Red) and green globules are the aggregated whey 126 

protein particles (stained with fast green). Scale bar set to 10 µm.  Error bars represent standard deviation. 127 

 128 

 129 

  130 
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 132 

Figure 21: Particle size distribution of emulsion droplets stabilized by different protein samples measured using laser diffraction 133 

technique. The samples are WPI-E (grey), FA-E (orange), SA-E (blue) and WPM-E (yellow) at A) t=0 days, B) t=10 days, and C) 134 

t=100 days, in addition to D-G displaying emulsion droplet size distributions at t=0 days (grey), t=10 days (blue) and t=100 days 135 

(orange), for WPI, FA, SA and WPM, respectively.   136 
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 Size distribution results presented in Figure 21 show a significant difference in droplet 138 

diameters, with WPI-E droplets being much smaller than their WPA-E counterparts.  This is 139 

likely due to the ability of WPI to deform and spread at the interface during adsorption, unlike 140 

solid and semi-solid aggregated whey proteins, and therefore more effectively lowering surface 141 

tension at an increased rate (Cornec, Cho, and Narsimhan 1999; Rühs et al. 2013; Yamauchi, 142 

Shimizu, and Kamiya 1980) as seen in Figure 19, I and II.  A ranking of each of the four 143 

emulsions based on mean droplet diameter D[4,3] would be:  FA-E > WPM-E > SA-E > WPI-E.  144 

This ranking remains consistent across the entire 100-day period, provided in Table 4.  However, 145 

interestingly, the mean diameter of SA-E droplets slightly decreased following 10 days of 146 

storage at refrigeration temperatures (4C) before increasing again following 100 days of 147 

storage, which is a questionable result.  Generally, the smaller the emulsion droplet diameter, the 148 

more effective the emulsifier and the more stable the droplet (Binks and Horozov 2006; 149 

Mcclements 2007), however it has not been observed in previous literature a decrease in 150 

diameter following storage.  On the contrary, typically an increase in droplet diameter is 151 

observed, indicating coalescence or flocculation instability of emulsion droplets (Sarkar et al. 152 

2019; P. Wilde et al. 2004; Lazzaro et al. 2017) and therefore lower emulsion stability during 153 

storage (Tadros et al. 2004; Hunt and Dalgleish 1995).  While WPI-E shows a slight decrease in 154 

mean droplet diameter after 100 days, the difference between 1.80 µm and 1.79 µm is negligible 155 

(e.g. instrument error) and demonstrates the high level of stability of emulsions stabilized by 156 

WPI—one of many reasons this material is a common emulsifier across the food and cosmetics 157 

industries (Foegeding et al. 2002; B. Zhou et al. 2020). 158 

 With regards to surface coverage, droplets stabilized by SAs and WPMs were very 159 

similar, is seen in Table 4.  Each of SA-E and WPM-E droplets had protein surface coverage in 160 
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the 23-28 mg/m2 range, which roughly agrees with results obtained by Sarkar and co-authors 161 

(2016) for WPM-stabilized emulsions (23 mg/m2), while WPI-E measured ~2 mg/m2.  FA-162 

stabilized emulsion droplets were significantly different, with a vastly greater extent of surface 163 

coverage than WPI-E, SA-E or WPM-E, measured at ~126 mg/m2.  This would indicate multiple 164 

protein layers of FAs at the droplet surface, as opposed to perhaps a monolayer of protein 165 

particles on droplets stabilized by WPI, SAs and WPMs.  A theory behind this significantly 166 

larger extent of surface coverage by FAs compared to the other three (3) types is the combination 167 

of i) the relatively smaller size (D[4,3]) of FAs compared to SAs and WPMs (reference Table 2), 168 

ii) the increase hydrophobicity of FAs compared to WPI, and iii) the branched morphology of 169 

FAs allowing for the formation of tightly interlocked, smooth protein layers (Mahmoudi, Axelos, 170 

and Riaublanc 2011) at the oil droplet interface as seen in Figure 22, when compared to the 171 

rough surfaces created by SAs and WPMs.  172 

 Lastly, it would be assumed that the significant decrease in D[3,2] amongst all emulsions 173 

after 100 days, when compared to t=day10 data in Table 4, is due to improper cleaning of the 174 

equipment (Mastersizer™ 3000, Malvern Instruments).  In contrast to this data, it is well 175 

documented that emulsion droplet diameter typically increases as storage time increases (X. 176 

Zhou, Sala, and Sagis 2020; Jiang et al. 2018; Yamauchi, Shimizu, and Kamiya 1980; Dickinson 177 

2001; M. Xiao et al. 2018), as a result of either flocculation or coalescence of droplets (Zhang et 178 

al. 2021; Destribats et al. 2014).  Further evidence (Figures 23-26) of emulsion instability of the 179 

four (4) manufactured WPA-Es may be seen in Appendix A.  180 

 181 
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Table 4: Average surface area-weighted, D[3,2], and volume-weighted, D[4,3], emulsion droplet size at each time 0, 10 and 100 days, 182 

ζ-potential of emulsion droplets stabilized by each particle type (WPI, FA, SA, and WPM, respectively) collected via laser diffraction, 183 

and surface excess concentration (SEC) of emulsion droplets. Change in D[4,3] after t=10 days and t=100 days and change in specific 184 

surface area (ΔSSA) after t=10 days and t=100 days, are expressed as percentages. Means (± standard deviation) compared using one-185 

way ANOVA and Fisher LSD grouping method where lower-case letters compare means within like columns, and capital letters 186 

compare means at t = 0, 10 and 100 days (within like rows) for D[3,2], D[4,3] and ΔD[4,3]. Different letters represent presence of 187 

significant statistical difference (P < 0.05) between means. 188 

 

Emulsifier 

Particle 

Type 

ζ-Potential  

(mV) 

Day 0 

D[3,2] 

(µm) 

Day 0 

D[3,2] 

(µm) 

Day 10 

D[3,2] 

(µm) 

Day 100 

D[4,3] 

(µm) 

Day 0 

 

D[4,3] 

(µm) 

Day 10 

 

D[4,3] 

(µm) 

Day 100 

ΔD[4,3]  

(%) 

Day 10 

ΔD[4,3]  

(%) 

Day 100 

SEC 

(mg/m2) 

Day 0 

WPI-E 
-34.24  

8.52b 

1.37  

0.02d,B 

1.54  

0.00d,A 

1.30  

0.01d,C 

1.80  

0.05d,B 

1.98  

0.01d,A 

1.79  

0.01d,B 

10.04  

2.94b,A 

-0.47  

2.99b,A 
2.19  

0.05C 

FA-E 
-25.88  

1.47b 

76.10  

0.34a,B 

81.25  

0.21a,A  

34.29  

0.51a,C 

100.42  

0.59a,C 

107.50  

2.12a,B 

119.75  

1.77a,A 

7.05  

1.48b,B 

19.25  

1.06a,A 
125.71  

1.46A 

SA-E 
-78.19  

1.96a 

14.53  

1.21c,B 

34.75  

0.21c,A 

14.78  

0.31c,B 

51.04  

0.45c,B 

45.20  

0.76c,C 

63.96  

1.12c,A 

-11.44  

0.72c,B 

25.34  

3.29a,A 
23.94  

2.08B 

WPM-E 
-70.34  

0.36a 

17.19  

0.27b,C 

52.42  

0.06b,A 

21.05  

0.92b,B 

56.49  

1.82b,B 

70.78  

0.11b,A 

70.33  

1.38b,A 

25.37  

4.25a,A 

24.52  

1.58a,A 
28.47  

0.32B 
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Figure 22: Scanning-electron microscopy (SEM) images of emulsion droplets stabilized by A) 193 

native WPI, B) fractal aggregates, C) spherical aggregates, and D) whey protein microgels, 194 

respectively. Scale bars set to 100nm for native WPI (A), and 1𝜇m for the remainder (B-D). 195 
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2.3.3. Correlations 198 

 As reported in Table 5, several interfacial properties can be strongly correlated to 199 

emulsion stability.  For instance, overall free energy change for emulsion formation (ΔG) is 200 

strongly negatively correlated to ΔD[4,3] (t-day100).  Likewise, many interfacial properties are 201 

significantly correlated to D43 at each day 0, day 10 and day 100.  Interfacial tension (γ) at 202 

different time points are significantly correlated to D[4,3] at each storage duration indicating 203 

interfacial properties may be quick indicators for predicting emulsification capacity of protein 204 

self-assembly particles. More importantly, interfacial tension, three-phase contact angle and 205 

surface free energy of dry particles are all significantly correlated with 100-day emulsion 206 

stability (ΔD43 and/or ΔSSA).  This is evidence that interfacial and surface behaviours of protein 207 

particles measured in a few hours may be used as faster indicators for predicting 100-day storage 208 

stability of Pickering emulsions with respect to flocculation and/or coalescence stability.   209 

 210 

Table 5: Correlation coefficients for interfacial properties of stability including free energy, ΔG 211 

(mN/m), interfacial tension, ϒ (mN/m), volume-weighted diameter, D[4,3] (nm), change in 212 

volume-weighted diameter, ΔD[4,3] (%), ζ-potential, ZP (t-day0, mV), surface excess 213 

concentration, SEC (t-day0, mg/m2), surface free energy, SFE (mN/m), change in specific 214 

surface area, ΔSSA (%), and interfacial surface contact angle, Θ ( ). Correlations determined 215 

via Pearson pairwise comparison method (P < 0.05). 216 

Interfacial Property 

Correlation 
Correlation Coefficient 

ΔSSA (t-day100) : ZP -0.727 

ϒ (t-500s) : D[4,3] (t-day0) 0.973 

ϒ (t-2000s) : D[4,3] (t-day0) 0.970 

ϒ (t-3500s) : D[4,3] (t-day0) 0.948 

 217 
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Table 5: (continued)  218 

Interfacial Property 

Correlation 
Correlation Coefficient 

ΔG : D[4,3] (t-day0) -0.879 

ϒ (t-500s) : D[4,3] (t-day10) 0.931 

ϒ (t-2000s) : D[4,3] (t-day10) 0.913 

ϒ (t-3500s) : D[4,3] (t-day10) 0.879 

ΔG : D[4,3] (t-day10) -0.862 

ϒ (t-500s) : D[4,3] (t-day100) 0.966 

ϒ (t-2000s) : D[4,3] (t-day100) 0.969 

ϒ (t-3500s) : D[4,3] (t-day100) 0.947 

ΔG : D[4,3] (t-day100) -0.897 

ΔG : ΔD[4,3] (t-day100) -0.942 

Θ : ΔSSA (t-day10) -0.836 

SFE : ΔSSA (t-day10) 0.858 

ϒ (t-500s) : ΔSSA (t-day100) -0.828 

ϒ (t-2000s) : ΔSSA (t-day100) -0.729 

ϒ (t-3500s) : ΔSSA (t-day100) -0.753 

Θ : ΔSSA (t-day100) -0.956 

 219 



 

 

93 

Table 5: (continued)  220 

Interfacial Property 

Correlation 
Correlation Coefficient 

SFE : ΔSSA (t-day100) 0.862 

 221 

2.4. Conclusions and future direction 222 
 223 

 Emulsions are common across several global industries in many food, cosmetic, and 224 

techno-functional products.  Whey protein isolate (WPI) is an ideal emulsifier in these systems 225 

due to its amphiphilic nature and ability to stabilize an oil-water interface (Dybowska & Krupa-226 

Kozak, 2020; HUNT & DALGLEISH, 1995; Laleye, Jobe, & Wasesa, 2008; Nicolai, Britten, & 227 

Schmitt, 2011).  Numerous studies have been conducted on the main components of whey 228 

proteins, proving their use as techno-functional materials in the modulation of texture in food 229 

applications (DEMETRIADES et al., 1997; Gélébart et al., 2019; Ipsen, 2017), thickening 230 

(Brodkorb et al., 2016; Dickinson, 2003), emulsification (Lim et al., 2020; Madadlou et al., 231 

2020), and/or gelation (Nicolai & Durand, 2013; YOST & KINSELLA, 1992).  While oil-in-232 

water emulsions stabilized by whey proteins are common in the food industry and are stable at 233 

room temperature, a major shortcoming of WPI emulsions is their low resistance to thermal heat 234 

treatment, which limits their industrial application (Qi, Xiao, and Wickham 2017; Setiowati, 235 

Saeedi, Wijaya, and Van der Meeren 2017).  However, heating whey proteins results in 236 

improved stability against these pitfalls (Sarkar, Arfsten, et al. 2016; Gélébart et al. 2019; 237 

Setiowati, Saeedi, Wijaya, and Meeren 2017) as s a result of aggregated whey protein formation 238 

of various distinct morphologies (Gélébart et al. 2019; Destribats et al. 2014; Sarkar, Murray, et 239 

al. 2016).   240 
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 However, little knowledge is currently available to indicate which characteristics of the 241 

aggregates are critical to the formation and long-term stability and their relation to interfacial 242 

adsorption kinetics and particle structure.  Through results presented in this study, it can be seen 243 

that both particle structure, in addition to a variety of interfacial properties including SEC, ΔG, 244 

SFE, surface hydrophobicity and contact angle Θ, may affect the surface adsorption kinetics of 245 

these whey protein emulsifiers and long-term emulsion stability.  Several correlations were 246 

shown to be statistically significant, shown in Table 5.  These correlations provide valuable 247 

information to save time and money in industrial research applications.  For instance, instead of 248 

performing costly, lengthy emulsion stability studies on new or existing products, a company can 249 

simply prepare samples and perform interfacial studies via drop shape analyzer (etc.) and by 250 

these property correlations be able to determine emulsion stability without the need for waiting, 251 

further experimentation and avoid cost of the additional material.  In this study, three (3) WPAs 252 

were manufactured and compared to native WPI on the basis of interfacial properties and 253 

stability, from which it can be deduced that WPAs provide no significant advantage in terms of 254 

long-term (100+ days) stability against coalescence when comparing ΔD[4,3] (%) between these 255 

aggregated-stabilized emulsions and WPI.  However, ΔD[4,3] after 10 days shows potential for 256 

improved stability of SA-E and FA-E over WPI.  It should be noted, though, that WPAs do not 257 

necessarily decrease stability of emulsions, therefore validating their use in certain applications 258 

such as texture modulations, targeted delivery of hydrophobic nutrients in the gut or delayed 259 

gastric digestion.   260 
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APPENDIX A  1242 

Additional figures to display the lack of observed stability of original protein aggregate 1243 

suspensions and difference in short-term phase stability of WPA-Es compared to commercial 1244 

WPI-stabilized emulsions.  1245 

 1246 

 1247 

   
 1248 

Figure 23: A) WPM, FA and SA solutions, respectively, prior to homogenization, B) WPI, 1249 

WPM, SA and FA solutions, respectively, one (1) day following homogenization, and C) WPM 1250 

solution four (4) days following homogenization.  1251 

 1252 

 1253 

 1254 

   
 1255 

Figure 24:  SA parent solution one day (A) and three days (B) following homogenization, 1256 

respectively, and C) FA parent solution one day post homogenization.  1257 

B C A 
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 1258 
 1259 

Figure 25: WPI and WPA-stabilized emulsions at time t=day 0. From left to right (duplicate): 1260 

WPI-E, FA-E, SA-E, and WPM-E.  Phase separation can already be seen in each of the WPA-E 1261 

samples.  1262 

 1263 

 1264 

 1265 
 1266 

Figure 26: WPI and WPA-stabilized emulsions at time t=day 10. From left to right (duplicate): 1267 

WPI-E, FA-E, SA-E, and WPM-E.  1268 

WPI-E FA-E SA-E WPM-E 
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